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ABSTRACT
The e f f e c t s  o f  a non-uniform , r a d i a l ,  D.C. e l e c t r i c  f i e ld  
on th e  n a tu ra l  co n vec tion  and n u c lea te  b o i l in g  regim es in  s a tu ­
ra te d  pool b o i l in g  and on th e  peak h e a t  f lu x  phenomenon were de­
term ined  fo r  t r i c h lo r o t r i f lu o r o e th a n e , carbon te t r a c h lo r id e ,  
dichlorom onofluorom ethane and ch loroform  u s in g  as a h e a t t r a n s f e r  
su rfa ce  a  0 .02  inch  d iam eter p la tinum  w ire .
Bubble d e p a rtu re  d iam eters  fo r  th e  n u c le a te  b o i l in g  reg io n  
were measured by pho tograph ic  means as  a fu n c tio n  o f  th e  e l e c t r i c  
f i e l d  in te n s i ty  a t  th e  h e a t  t r a n s f e r  s u r fa c e .
The a p p l ic a t io n  o f  an e l e c t r i c  f i e l d  was found to  have a s i g n i f i ­
can t e f f e c t  on the  n a tu r a l  co n vec tion  mode o f  h e a t  t r a n s f e r  and a ls o  
th e  peak h e a t f lu x  phenomenon. Three fo ld  in c re a se s  in  the  peak 
h e a t  f lu x  a re  n o t uncommon. The h igh  d i e l e c t r i c  c o n s ta n t f lu id s  
e x h ib i t  a  g re a te r  in c re a se  in  h e a t t r a n s f e r  p e r  u n i t  e l e c t r i c  
s t r e s s .
The experim en ta l in c re a se s  in  th e  peak h e a t  f lu x  phenomenon were 
q u a n t i ta t iv e ly  and m e c h a n is tic a lly  ex p la in ed  by the  model o f  an e le c ­
t r i c a l l y  s ta b i l i z e d  H elm holtz-T aylor hydrodynamic c o n d itio n .
The use o f  an " e q u iv a le n t e l e c t r i c  f i e ld "  p o s tu la t io n  was found 
to  be u s e fu l fo r  in t e r p r e t in g  d a ta  o b ta in ed  u sin g  non-uniform  e l e c t r i c  
f i e l d s .
Complete b o i l in g  curves were o b ta in ed  fo r  th e  fo u r f lu id s  as  a 
fu n c tio n  o f the  e l e c t r i c  f i e l d  in te n s i ty  a t  th e  h e a t t r a n s f e r  s u r fa c e .
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Scope and Purpose o f  In v e stig a tio n
Hie e f f e c t  o f  e l e c t r o s t a t i c  f i e ld s  on b o i l in g  h e a t t r a n s f e r  
was b rough t to  the  a u th o r 's  a t t e n t io n  by a p u b lic a tio n  o f M arkels 
and D u rfe e ^  which d e sc rib e d  th e  a c t io n  o f  ap p lied  v o ltag e  on the  
pool b o i l in g  c h a r a c te r i s t i c s  o f  w ater and iso p ro p an o l. In t h e i r  
work, e f f e c t s  were no ted  f o r  th e  n u c lea te  and f ilm  b o i l in g  reg im es. 
There were a ls o  la rg e  in c re a s e s  in  the  peak h e a t f lu x .  A f u r th e r  
l i t e r a t u r e  s tudy  in  t h i s  a re a  showed th a t  o th e r authors3>5 had a ls o  
in v e s t ig a te d  th e se  e f f e c t s ;  b u t n e i th e r  a  s u i ta b le  e x p lan a tio n  o f 
the  mechanisms involved  nor an adequate q u a n t i ta t iv e  p re d ic t io n  o f 
th e  observed e f f e c t s  was o f f e re d .  Of p a r t i c u la r  I n t e r e s t  to  t h i s  
a u th o r , was th e  e f f e c t  on the peak h e a t f lu x  phenomenon. This 
phenomenon was by f a r  th e  most d ram atic  and the  most im p o rtan t 
e f f e c t .  In some cases a f iv e - f o ld  in c re a se  was recorded  w ith  the  
a p p lie d  v o lta g e  seem ingly the  on ly  l im i ta t io n .  S ubsequen tly , a 
program was developed to  in v e s t ig a te  th e  su b je c t in  more d e t a i l  by 
experim en t. In t h i s  r e s p e c t ,  the  recommendations o f  Choi5 were 
fo llow ed w ith  reg ard  to  s tu d y in g  the  e f f e c t .o f  an e l e c t r o s t a t i c  
f i e l d  on h igh  d i e l e c t r i c  c o n s ta n t f lu id s .  In a d d itio n  to  su p p le ­
m enting the  sp a rse  ex p erim en ta l da ta  on th i s  s u b je c t ,  the a u th o r  
hoped, t h a t  perhaps a q u a n t i ta t iv e  ex p re ss io n  fo r  the peak h e a t
2
f lu x  m ight ev o lv e , e i t h e r  through a t h e o r e t i c a l ,  sem i-theo - 
r e t i c a l  o r  an e m p ir ic a l approach . To th i s  end, C h o i's  
ex p erim en ta l a p p a ra tu s^  was chosen because o f i t s  a v a i l a b i l i t y ,  
r e l i a b i l i t y ,  and s im p l ic i ty .  The i n i t i a l  o v e ra l l  p lan  o f  th e  i n ­
v e s t ig a t io n  was th en :
(1) to  a cq u ire  a d d i t io n a l  d a ta  on th e  e f f e c t s  o f  e l e c t r o ­
s t a t i c  f i e ld s  on b o i l in g  h e a t t r a n s f e r  to  v a ry in g  
d i e l e c t r i c  c o n s ta n t f lu id s .
(2 ) to  a ttem p t to  d e fin e  q u a n t i ta t iv e ly  th e  e f f e c t s  observed 
on th e  normal b o i l in g  cu rv e , p a r t i c u l a r ly  the  peak h e a t 
f lu x .
(3 ) to  o b ta in  v is u a l  o b se rv a tio n s  o f  th e  b o i l in g  p ro c e ss , 
in  p a r t i c u l a r ,  bubble shapes.
L i te r a tu r e  Survey
E xtensive  review s on the  v a rio u s  regim es a s s o c ia te d  w ith  b o i l ­
in g  h e a t t r a n s f e r  a re  to  be found in  th e  l i t e r a t u r e ^ >> 24, 11  ̂
The l i s t  o f  re fe re n c e s  i s  la rg e ,  m ainly due to  th e  co m p lex itie s  o f  
th e  mechanisms in v o lv ed , and to  th e  v a rio u s  methods employed to  i n ­
c re ase  h e a t  t r a n s f e r  in  any one o f the  th re e  reg im es . One o f th e se
P
methods i s  th e  a p p l ic a t io n  o f  e l e c t r i c  f i e l d s .  A review  has r e ­
c e n tly  been com piled concern ing  th i s  method.
I n i t i a l l y  i t  i s  im portan t to  recogn ize  th e  e l e c t r i c a l  fo rc e s  
and f lu id  in te r a c t io n s  a s s o c ia te d  w ith  in c re a se s  in  h e a t
3
t r a n s f e r .  R egarding th i s  a s p e c t ,  Pohl d e sc rib e d  c e r ta in  
phenomenon occu rin g  in  d i e l e c t r i c  l iq u id s  a s  a  r e s u l t  o f  im­
p re sse d  f i e l d s .  Hie observed e f f e c t s  were r e la te d  to  two 
e l e c t r i c a l  fo rce s  which he term ed " d ie le c tro p h o re s is "  and 
" e le c tro p h o re s is " .  D ie le c tro p h o re s is  was d e fin ed  as  the  
tendency o f m a tte r  to  become p o la r iz e d  and move to  reg io n s  o f 
h ig h e s t  f i e l d  s t r e n g th .  This e f f e c t  re q u ire s  a non-uniform  
e l e c t r i c  f i e l d .  Hie term  e le c tro p h o re s is  was d e sc rib e d  as the 
e l e c t r o s t a t i c  a t t r a c t i o n  o f charged p a r t i c l e s  f o r  charged e le c ­
tro d e s  . This e f f e c t  o p e ra te s  in  b o th  uniform  and in  non-uniform  
e l e c t r i c  f i e l d s .
S urface  in te r a c t io n s  o f  f lu id s  s t r e s s e d  by e l e c t r i c  f i e ld s
15have been th e o r e t ic a l ly  and ex p e rim en ta lly  d e sc rib e d  by M elcher . 
These e f f e c t s ,  term ed electrohydrodynam ic (EHD) su rfa c e  waves, a re  
s im ila r  to  th e  fa m ila r  c a p i l l a r y  and g ra v ity  waves d iscu ssed  in  
hydrodynamic t e x t s .  S e v e ra l ty pes o f  th e se  wave form in te ra c t io n s  
have been in v e s t ig a te d  by o th e r  a u t h o r s ^ ^3 bo th  ex p erim en ta lly  
and th e o r e t i c a l ly .  Depending on th e  e l e c t r i c a l  f i e l d  geometry and 
on th e  p resence o r absence o f  f r e e  charges o r  c u r re n ts  a t  the  
f lu id  in te r f a c e ,  th e  e l e c t r i c  f i e l d  may e i t h e r  s t a b i l i z e  o r  de­
s t a b i l i z e  a  f lu id  in te r f a c e .
S p e c if ic  in c re a se s  in  h e a t  t r a n s f e r  have been  noted  by 
21
S en ftleb en  and Braun who s tu d ie d  f re e  co n vec tion  o f gases from a 
h ea ted  w ire p laced  in  the  c e n te r  o f  a  h o r iz o n ta l  c y lin d e r .  A pp li-
1+
c a tio n  o f  an e l e c t r i c  f i e l d  betw een th e  w ire and th e  c y lin d e r  r e ­
s u lte d  in  h e a t  t r a n s f e r  in c re a s e s  o f  n e a r ly  f i f t y  p e r c e n t ,  de­
pending upon w hether o r  n o t th e  gas was p a r a e le c t r ic  (m olecules
\  20 th a t  c a r ry  a  perm anent d ip o le ) . Schmidt and L e id e n fro s t s tu d ie d
the  n a tu ra l  co n v ec tio n  o f  non-conducting  o i l s  (p a ra f in , beeswax,
c a s to r  o i l )  i n  s tro n g  e l e c t r i c  f i e l d s .  The in c re a se s  re p o rte d
were shown to  r e s u l t  from th e  fo rm atio n  o f  charged " b a l ls "  o f
f l u i d ,  w ith  th e  r e s u l t in g  e l e c t r o s t a t i c  b u lk  fo rc e s  c o n tr ib u tin g
to  th e  observed  h e a t  t r a n s f e r  in c r e a s e s .
In  th e  case  o f  s a tu ra te d  poo l b o i l in g  h e a t  t r a n s f e r ,  Bonjour 
3
e t  a l .  re p o rte d  t h a t  im pressed f i e ld s  caused in c re a se d  h e a t  t r a n s ­
f e r  c o e f f ic ie n ts  to  b o i l in g  f l u i d s ,  p a r t i c u la r ly  in  th e  n a tu ra l  
convection  zone and a t  th e  peak h e a t  f lu x .  The geometry o f  t h e i r  
experim ent c o n s is te d  o f a  p a i r  o f  p a r a l l e l  w ires w ith  an im pressed 
A.C. v o lta g e  betw een them. The in c re a se  in  h e a t t r a n s f e r  was a t ­
t r ib u te d  to  th e  phenomenon o f  d ie le c tr o p h o re s is .
5
L a te r  Choi c o rro b o ra ted  B o n jo u r 's  r e s u l t s .  He employed a 
c y l in d r ic a l  geom etry and a  d i r e c t  c u r re n t v o lta g e . He s tu d ie d  th e  
f lu id  t r i e h lo r o  tr if lu o ro e th a n e  ("Freon 113"). He a lso  a t t r ib u te d  
the  in c re a se s  in  th e  d i f f e r e n t  regim es to  the  d ie le c tro p h o re s is  
fo rc e . Choi p o s tu la te d  an  e l e c t r i c a l  g ra v ity  e q u iv a len t to -a c co u n t 
fo r  th e se  e f f e c t s .  He accom plished th i s  by d iv id in g  th e  volume 
fo rce  a s s o c ia te d  w ith  d ie le c tro p h o re s is  by th e  l iq u id  d e n s ity  o f  
th e  f l u i d .
5
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As m entioned p re v io u s ly , M arkels and Durfee a s c e r ta in e d  
th e  e f f e c t s  o f  a p p lie d  v o lta g e  on pool b o i l in g  o f iso p ro p an o l 
and w ater f o r  a  steam  h ea ted  tu b e . They a t t r ib u te d  the  h e a t 
t r a n s f e r  in c r e a s e s ,  m ainly th e  peak h e a t f lu x ,  to  th e  in c re a se d  
w e ttin g  o f  th e  tube  su rface  and th e  v o lta g e  drop ac ro ss  th e  r e ­
gion  o f vapor fo rm atio n  (condenser e f f e c t ) .
R ecen tly , V ic to r  Asch^ showed th a t  poo l b o i l in g  h e a t t r a n s ­
f e r  to  t r i c h lo r o t r i f lu o r o e th a n e  and th e  a t te n d e n t  in c re a s e  in  
th e  peak h e a t  f lu x  was th e  r e s u l t  o f e le c t ro p h o r e s is ,  n o t o f 
d ie le c t r o p h o r e s is .  He s tu d ie d  th e  e f f e c t  o f  b o th  A.C. and D.C. 
f i e ld s  on th e  peak h e a t  f lu x  o f t r i c h lo r o t r i f lu o r o e th a n e .
In  a l l  o f  th e  works re p o rte d  above, on ly  Choi'’ w ith  h is  
th eo ry  o f  an e q u iv a le n t g ra v ity  f i e l d ,  based  on the  " D ie le c tro -  
p h o re tic  fo rc e  e f f e c t " ,  o ffe re d  a  m ech an is tic  i n t e r p r e ta t io n  and 
a  q u a n t i ta t iv e  e x p re ss io n  f o r  th e  observed e f f e c t s  on th e  peak 
h e a t  f lu x  phenomenon. To d a te , th e re  i s  no a c c u ra te  p ic tu re  o f 
th e  mechanism in v o lv ed , nor i s  th e re  a p r e d ic to r  eq u a tio n  f o r  th e  
in c re a se  in  th e  peak h e a t  f lu x  by th e  a c t io n  o f  an e l e c t r i c  f i e l d .
This s tudy  i s  th en  an o th er e f f o r t  to  a s c e r ta in  the  mechanism 
o f th e  phenomena in v o lv ed , and to  o f f e r  a  q u a n t i ta t iv e  eq u a tio n  
to  p r e d ic t  th e  in c re a s e  in  the  peak h e a t  f lu x  o f  v a rio u s  f lu id s  
w ith  an a t te n d e n t  e l e c t r i c  f i e l d .
CHAPTER I I
THEORY
B o ilin g  Heat T ran sfe r  Curve
The s tu d y  o f b o i l in g  h e a t t r a n s f e r  beg in s  w ith  an under­
s tan d in g  o f the  now r a th e r  g e n e ra liz e d  b o i l in g  h e a t t r a n s f e r  
c u rv e .
The d i f f e r e n t  regim es shown in  F ig u re  1 (AB, BC, CD, and 
DE) re p re se n t d i f f e r e n t  h e a t t r a n s f e r  mechanisms. Region AB 
i s  th e  n a tu ra l  convec tion  zone . N ucleate  b o i l in g ,  o r the  
fo rm atio n  o f bubbles a t  the  h e a te r  s u r fa c e , beg ins a t  p o in t 
B and con tin u es  to  p o in t C. At low h e a t f lu x e s ,  bubbles grow 
a t  p re fe r re d  s i t e s  on th e  h e a te r  s u r fa c e .  As th e  w a ll 
tem pera tu re  in c re a s e s , more n u c le a tio n  s i t e s  a re  a c t iv a te d  
and th e  h e a tin g  su rfa ce  becomes covered w ith  b u b b le s . P o in t 
C i s  a c r i t i c a l  p o in t .  Here th e  bubbles a re  so numerous 
th a t  th e y  coalesce  and p a r t i a l l y  b la n k e t the  su rfa c e  w ith  a 
vapor f i lm . With w ire s , t h i s  u s u a lly  r e s u l t s  in  a c o n d itio n  
c a l le d  "burnout" because th e  o n se t o f f ilm  b o i l in g  b rin g s  
about a decrease  in  th e  o v e ra l l  h e a t t r a n s f e r  c o e f f ic ie n t  
r e s u l t in g  in  a ra p id  accum ulation  of h e a t in  th e  w ire  which 
i s  u su a lly  s u f f i c i e n t  to  m elt th e  w ire . In  th e  reg io n  CD, 
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b o i l in g  a re  e v id e n t on s e c tio n s  o f th e  h e a te r  s u r fa c e .  This 
re g io n  is  u s u a lly  s tu d ie d  by the  use o f condensing vapors as 
a source o f h e a t due to  th e  ra p id  t r a n s i t io n  from p o in t C to  
p o in t  D ex p erien ced  by th e  -wires. Region DE, th e  f ilm  b o il in g  
ra n g e , i s  c h a ra c te r iz e d  by a t o t a l  vapor f i lm  co v erin g  the  
h e a tin g  su rfa ce  w ith  bubble fo rm ation  a t  the  v a p o r - l iq u id  
i n te r f a c e .  The w a ll tem p era tu res  are  co rre sp o n d in g ly  v e ry  
h ig h .
From an e n g in ee rin g  s ta n d p o in t, th e  p re d ic t io n  o f the  
peak h e a t f lu x  (p o in t c) i s  im portan t in  o rd e r to  d e fin e  
th e  l im i t  o f a c tu a l  o p e ra tin g  c o n d itio n s  (n u c le a te  b o i l in g  
reg im e). P o in ts  to  the  r ig h t  o f th e  c r i t i c a l  h e a t  f lu x  
r e s u l t  in  d ecreased  e f f ic ie n c y  in  o p e ra tio n s  and in  p o s s ib le  
damage to  h e a te rs  as in  the  case o f w ire s . T herefo re  a 
p re d ic t io n  o f th e  c r i t i c a l  h e a t f lu x  from p h y s ic a l d a ta  o f 
the  f l u i d  w ith o u t reco u rse  to  a c tu a l  ex p erim en ta tio n  has 
been th e  o b je c t o f many re s e a rc h e r s .  The fo llo w in g  paragraphs 
w i l l  show th e  p re d ic t io n  o f th e  c r i t i c a l  h e a t f lu x  and i t s  
subsequent in c re a se  by  an e l e c t r i c  f i e l d  based  on a hydro- 
dynamic approach .
Hydrodynamic Model f o r  Peak Heat Flux
As e a r ly  as 1951> K u ta ie lad ze^  suggested  th a t  hydrodynamic 
c o n d itio n s  were re sp o n s ib le  f o r  the  peak h e a t f lu x  phenomenon.
9




th e  c o n s ta n t (0 .1 6 ) be ing  f i t t e d  from ex p erim en ta l d a ta . In  the  
E ng lish  system  o f u n its  th e  use o f <jc w i l l  make E quation  1 dimen- 
s io n a l ly  e q u a l.
A few y e a rs  l a t e r ,  Zuber and T ribus^^  s p e c if ie d  th a t  the  
s p e c i f ic  f lu i d  mechanisms re sp o n s ib le  f o r  th e  peak h e a t f lu x  
phenomenon were the  combined H elm holtz-T aylor i n s t a b i l i t i e s .
They d e riv ed  th e  fo llo w in g  e q u a tio n :
W a ), =. O J3 r
/L  "
(2 )
th e  v a lu e  0 .1 3  i s  a  th e o r e t ic a l  c o n s ta n t r e s u l t in g  from th e  
H elm holtz-T aylor a n a ly s is . R ecen tly  M oisses and B e ren so n ^  p ro ­
duced a n o th e r ex p ress io n  based  on a  s im i la r  H elm holtz-T aylor 
a n a ly s i s :





The c o n s ta n t here  (0 .1 8 ) was f i t t e d  from exp erim en ta l d a ta .  The 
l a s t  term  in  E quation 3 i s  u s u a lly  abou t 1 .0  a t  a tm ospheric  condi­
t io n s  .
The fo llo w in g  p re d ic t io n  o f th e  c r i t i c a l  h e a t f lu x  i s  based 
upon th e  c r i t e r io n  o f a  H elm holtz-T aylor i n s t a b i l i t y .
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The d erivation  o f  Z u b er2 5 v i l l  he presented here.
When two im m iscible f lu id s  flow  adjacent to  each other  
along an in ter fa ce  as p ictured in  Figure 2 , a maximum r e la t iv e  
v e lo c ity  e x is t s  above which a sm all disturbance w i l l  am plify  
and grow, and thus d is to r t  the f lo w . This phenomenon i s  known 
as a Helmholtz in s t a b i l i t y .  According to  Lamb'1-® and to  Zuber25, 
the v e lo c ity  o f  propagation C, o f  a surface wave along a 
v e r t ic a l  vapor je t  o f  upward v e lo c ity  Vg , w ith an accompanying 
downward liq u id  v e lo c ity  V^, i s  as fo llo w s , where <$ 1b the 
surface te n s io n , and P̂ _ and /®. are the liq u id  and vapor 
d e n s it ie s ,  r e sp e c tiv e ly :
The con d ition  for a s ta b le  j e t  i s  that the wave angular 
frequencyN be r e a l .
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E quation  ^ th en  g ives:
cr/v\ > M
I f  th e se  term s a re  equated., Vg becomes Vg max f o r  th e  
H elm holtz a n a ly s is .  For a s tead y  s t a t e  c o n d itio n  th e  




S u b s t i tu t in g  E quation  7 in to  E quation  6 th e n  g iv e s :
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The spac in g  o f vapor r e le a s e  p o in ts  i s  determ ined by 
th e  wave number f o r  T ay lor in s ta b i l i ty ^ !?  0f  a l iq u id  la y e r  
o f  s e m i- in f in i te  e x te n t ly in g  over a  l i g h t e r  f lu i d  which i s  
a ls o  o f  s e m i- in f in i te  e x te n t .  This maximum wave number i s  
g iven  below as fo llow s by Zuber25:
2 7 f (9)
(10)
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Zuber r e la te s  the c r i t i c a l  heat f lu x  to  the maximum gas 
v e lo c ity  as fo llo w s: (Prom la te n t  heat flow  to  vapor generated)
Equation 11, when coupled w ith  the r e s u lt  o f Equation 10 g iv e s :
This then i s  the p red ictor  equation fo r  the peak heat flu x  
based on the Helmholtz-Taylor hydrodynamic in s t a b i l i t y  
analys i s .
E le c tr ic  F ie ld  E ffe c t  -  Electrohydrodynamic Approach
I t  i s  p ostu la ted  th a t the hydrodynamic model o f the peak 
heat f lu x  as p rev iou sly  d iscu ssed  w i l l  be the same p h y sica lly  
w ith the in trod uction  o f the e le c t r ic  f i e l d .  There i s  evidence  
for  th is  p h ysica l model based on previous work by Markels and
"Several c o rre la tio n s  o f the (Q/A) data . . . .  w ith  
temperature d if fe r e n c e , e l e c t r ic a l  vo ltage  and 
current, and f lu id  p rop erties were attempted but 
proved u n su ccessfu l. The primary d i f f i c u l t y  appears 
to  be that the shape o f the normal (Q/A) v s . AT  
curve p e r s is te d  even at 10,000 v o l t s .  This charac­
t e r i s t i c  shape i s  undoubtedly due to  hydrodynamic 
fu n c tio n s ."
(11)
(12)
M e l c h e r ^  has shovn th at an e le c t r ic  f i e ld  placed p a r a lle l
to  an in ter fa ce  has the e f f e c t  o f  r a is in g  the wave angular 
frequency fo r  waves o f  a g iven  wavenumber M. M elcher's 
equation n eg lectin g  g ra v ity  and assuming in f in it e  d istan ce
by Zuber in  h is  an a ly sis  o f the zero e le c tr ic  f i e ld  ca se ) i s :
In M elcher's term inology th is  equation is  referred  to  as 
an EH-II wave (EH being electrohydrodynam ic). This equation  
i s  ex a c tly  analogous to  Equation  ̂ with the f lu id s  a t r e s t .  
I n i t ia l l y  i t  i s  assumed th at the e f fe c t s  are a d d itiv e , th at  
the e le c t r ic  term in  the above equation may be added to  the 
two terms o f Equation U. This an a lysis  then produces a K elvin- 
Helmholtz in s t a b i l i t y  equation which r e la te s  the s t a b i l i t y  o f  
a wave under e le c t r ic  s tr e s s  to  the surface ten s io n , r e la t iv e  
v e lo c i ty , and e le c t r ic  f i e l d .  The fo llow in g  equation i s  then  
proposed fo r  two f lu id s  in  r e la t iv e  motion coupled w ith an 
impressed p a r a lle l  e le c t r ic  f i e ld :




P roceed ing  as b e fo re ; the  c o n d itio n  f o r  s t a b i l i t y  b e in g  th a t  
th e  wave a n g u la r  frequency  be r e a l .
,2z
c  =
E quation  l4  th en  g iv e s :
N
AA
>  O (5)
< J AA ^  ( £ - S o )  £ >
E quating  th e  two p a r ts  o f E quation  15, Vg becomes Vgmax. Apply­
ing  th e  c o n tin u ity  eq u a tio n  as b e fo re , namely th a t  th e  t o t a l  m a te r ia l  
re ach in g  th e  w ire  eq u als  th e  m a te r ia l  le a v in g  th e  w ire , g iv e s :
(15)
( T )
The r e s u l t  o f  th e  T aylor i n s t a b i l i t y  a n a ly s is  i s :
(9)
M elcherl5  s t a t e s  th a t  the  wavenumber rem ains unchanged w ith  
th e  a d d i t io n  o f  th e  f i e l d  in te n s i ty .  Combining th en  E quations 15, 
9 , and T g ives th e  c r i t i c a l  vapor v e lo c i ty  in  th e  p resence  o f  an
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( 16)
S u b s t i tu t in g  Equation  l6  in to  E quation  11 r e s u l t s  in  th e  fo llow ing  
e q u a tio n  fo r  the  c r i t i c a l  h e a t  f lu x :
f t - f t )  /  P*- \ f  
f t  f t f t  f t  ( £  t£ c )
( I T )
The e l e c t r i c a l  term  may be p laced  in  an a l t e r n a t e  form s in ce  
£  = K£0 , where K equals  th e  d i e l e c t r i c  c o n s ta n t o f  the  f l u i d ,  as 
shown below:
( € - s J
(S  i-£ * )ft,
E quation  IT may be r e w r i t te n :
Ea( x - / f  £ l 
f t  ( X + t )
(18 )
//»*? =  C




E quation  19 p re d ic ts  t h a t  th e  in f lu e n c e  o f  a  p a r a l l e l  
e l e c t r i c  f i e l d  w i l l  be to  in c re a s e  th e  c r i t i c a l  h e a t  f lu x .  
S p e c i f ic a l ly ,  th e  e l e c t r i c  f i e l d  has th e  e f f e c t  o f  in c re a s in g  
th e  r e l a t iv e  v e lo c i ty  a t  which th e  K elvin-H elm holtz  i n s t a b i l i t y  
o c c u rs . The eq u a tio n  p re d ic ts  a  l in e a r  r e la t io n s h ip  between E 
and the  peak h e a t f lu x  when th e  e l e c t r i c  term  in  E quation  19 i s  
much g re a te r  th an  the  non e l e c t r i c  te rm . At low v a lu es  o f  E 
d e v ia t io n  from l i n e a r i t y  w i l l  o ccu r. The o r ig in a l  hydrodynamic 
model i s  s t i l l  p re s e n t s in c e  E quation  19 reduces to  E quation  12 
a t  zero e l e c t r i c  f i e l d .
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The above derivation has assumed that the dispersion 
equation (Equation Ik )  is  applicable to  a Kelvin-Helmholtz 
in s ta b ility . An analogous solution1* for the case of a parallel 
magnetic f ie ld  y ields an equivalent description; that i s ,  that 
the Kelvin-Helmholtz in s ta b ility  v i l l  be suppressed by the 
action of a p aralle l magnetic f ie ld .  I t  is  further assumed 
that the e le c tr ic  f ie ld  in tensity  is  both constant and uniform; 
for non-uniform e le c tr ic  f ie ld s  an average value of E (e lectr ic  
f ie ld  in ten sity ) might be su ffic ien t for constant heat transfer 
system geometries.
Non-Uniform Electric F ields - Equivalent F ield  Postulation
Equation 19, as described and derived above, vas based on 
the fact that a uniform D.C. e le c tr ic  f ie ld  vas stressing the 
vapor-liquid interface at the c r it ic a l  heat flu x . I t  vas 
noted in the assumptions above t.hat perhaps an average or 
"equivalent e lec tr ic  field"  could be postulated to account 
for the d ifferent e le c tr ic  geometry of non-uniform e lec tr ic  
f ie ld s .  This postulation arises because EB (the e lec tr ic  
f ie ld  intensity  at the heat transfer surface) is  a maximum 
value for any given voltage difference for most non-uniform 
e lec tr ic  f ie ld  geometries. Furthermore, Es is  not representa­
tive  of the e le c tr ic  f ie ld  in ten sities  ex isting  in the
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immediate v ic in i t y  Of the heat tra n sfer  su rface. Ee q ; could  
then be defined  as some average value betveen Es and zero . Based 
on the above reasoning, an equ iva len t e le c tr ic  f i e ld  in te n s ity  
fo r  non-uniform e le c t r ic  f i e ld s  and constant heat tra n sfer  geom­
e t r ie s  was d efin ed  as:
e le c t r ic  f i e l d s ) ,
where Eg = E le c tr ic  f i e ld  in te n s ity  at heat tra n sfer  su r fa ce , 
where CQ = Constant fa c to r , ( l > C o > 0 )
Equation 19 may then be rew ritten  for  non-uniform e le c tr ic  
f i e ld s  as fo l lo w s :
The increase in  the peak heat f lu x  in  the presence o f an 
e le c t r ic  f i e ld  may now be obtained by d if fe r e n t ia t in g  Equation
®eq* = ^o®8 (20)
where E = Equivalent e le c t r ic  f i e l d  in te n s ity  (non-uniform  eq .
21, where C, equals  0 .18  based on experim en tal data^-9.
+  [ B E »] ( a i a )
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and Q  — ^  ~̂o
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E quation  21a shows th a t  as the  e l e c t r i c  term  BES^ becomes
la rg e  r e l a t i v e  to  th e  A term  the  r a te  o f  in c re a se  o f th e  peak 
h e a t  f lu x  approaches a c o n s ta n t v a lu e , as shown below:
This l im i t in g  r a te  on the peak h e a t f lu x  in c re a se  in  the  
p resence  o f  an e l e c t r i c  f i e l d  su ggests  t h a t  E quation  21 can 
be m odified  to  an a l t e r n a te  form . In  e f f e c t  th e  h y p o th esis  
i s  irRde th a t  th e  in c re a se  in  th e  peak h e a t  f lu x  by th e  a c t io n  
o f a non-uniform  e l e c t r i c  f i e l d  can be q u a n t i ta t iv e ly  d e fin ed  
by E quation  22.
The f i n a l  s e m i- th e o re t ic a l  eq u a tio n  proposed to  e s tim a te  
th e  peak h e a t f lu x  o f any f lu id  in  th e  p resence  o f  a non-uniform  
e l e c t r i c  f i e l d  i s  o b ta ined  by in te g r a t io n  o f Equation  22 and 
a llo w in g  the  c o n s ta n t o f  in te g ra t io n  to  be eq u a l to  the  zero 
f i e l d  peak h e a t  f lu x  g iven  by Zuber25. This g iv e s :
(2 2 )
f i t 0* tS ) f t
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CHAPTER I I I  
EXPERIMENTAL SYSTEM
Equipment Design
Hae o v e ra l l  design  o f  the  ex p erim en ta l system  was governed 
by th e  fo llo w in g  c o n s id e ra tio n s :
1 . a  need f o r  a  r e l i a b le  method f o r  d a ta  c o l le c t io n  in  
a l l  th re e  regim es o f  b o i l in g :  f r e e  co n v ec tio n , nu­
c le a te  b o i l in g ,  and f i lm  b o i l in g .
2 . a  need f o r  an e l e c t r i c  f i e l d  f o r  which th e  e l e c t r i c a l  
c h a r a c te r i s t i c s  were w e ll known m a th em atica lly .
3 . a  need f o r  v is u a l  and pho tog raph ic  o b se rv a tio n  o f  the  
. b o i l in g  phenomena, p a r t i c u la r ly  th e  n u c le a te  b o i l in g
reg im e.
4 . a  need o f fo o l-p ro o f  s a f e ty  f e a tu re s  f o r  th e  e x p e r i­
m ental ap p ara tu s  because o f  th e  p resen ce  o f  h igh  
v o lta g e s  and c u r r e n ts .
E xperim en ta l A pparatus and In s tru m e n ta tio n
S ince C hoi's'* ex p erim en ta l d esig n  was a v a i l a b le ,  and because 
w ith  i t  th e  c o n s id e ra tio n s  d iscu ssed  above were a v a i la b le  w ith  a 
minimum o f m a te r ia l  and p a r t s ,  h i s  ex p erim en ta l a p p a ra tu s , w ith  
c e r ta in  m o d if ic a tio n s , was chosen f o r  t h i s  s tudy  o f the  e f f e c t  o f 
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EQUIPMENT SPECIFICATIONS FOR FIGURE 5
a .  Leeds & N orthrup P o ten tio m e te r F a c i l i t y ,  K-3, No. 7553*
b .  Moseley A u to g ra f, X-Y R eco rder, Model 135*
c .  Simpson M eter, (0-5 kv) Model 260, S e r ie s  52 •
d . F orsy the L aboratory  R e s is to rs  -  (k2 amp c a p a c i ty ) ,  No. 82965-2
Cenco.
e .  12 V olt S to rage  B a t te r ie s  (4 ) .
f .  Leeds & N orthrup P re c is io n  R e s is to r ,  0 .01  ohm, a i r  co o led ,
No. k36 l.
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o f th e  t e s t  s e c t io n .  F igu re  U i s  a sk e tc h  o f th e  m odified  over­
a l l  t e s t  s e c t io n  assem bly. F ig u re  5 is  an e l e c t r i c a l  c i r c u i t  
diagram  f o r  th e  system .
T es t S ec tio n
The h e a t t r a n s f e r  su rfa c e  was a p la tinum  w ire , 0.0201 inches 
+ .0002 inches in  d ia m e te r . The p la tinum  w ire  a lso  served  as a 
conven ien t r e s is ta n c e  therm om eter. Knowing the  r e s is ta n c e  o f th e  
w ire , th e  tem peratu re  of the  su rfa c e  cou ld  be found from th e  w e l l -  
known C allen d er eq u a tio n  f o r  p la tinum  re s is ta n c e  therm om eters. 
P la tinum  v o lta g e  le a d s  o f 0 .01  inch  d iam eter were sp o t welded a t  
a d is ta n c e  o f about two inches on th e  la rg e  0.0201 inch  d iam eter 
w ire . T his two inch  s e c t io n  o f th e  0.0201 inch  d iam eter p la tinum  
w ire  between the  v o lta g e  p o te n t ia l  le ad s  was then  th e  t e s t  s e c tio n  
f o r  the  d a ta  reco rd ed  in  t h i s  s tu d y . The ends o f the  0.0201 inch 
d iam eter p la tinum  w ire  (o u ts id e  th e  t e s t  s e c tio n )  were doubled 
over and sp o t welded to g e th e r .  This double w ire end was th en  sp o t 
welded to  the  end o f a th read ed  £  inch  b ra s s  ro d . The b ra s s  p l a t ­
inum weld was th en  covered w ith  so ld e r  to  in su re  and com plete the  
f a s te n in g . The use o f a double p la tinum  th ic k n e ss  a t  th e  o u ts id e  
o f th e  t e s t  s e c tio n  was d ev ised  in  o rd e r to  p rev en t prem ature f i lm  
b o i l in g  from o ccu rin g  a t  the  p la tinum  b ra s s  co n n ec tio n . Prem ature 
f i lm  b o i l in g  was a problem encoun tered  in  e a r ly  f a b r ic a t io n s  w ith  
o n ly  a s in g le  w ire co n n ec tio n , e s p e c ia l ly  when the  norm al peak h e a t
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f lu x  was surpassed w ith the a p p lica tio n  o f  the e le c t r ic  f i e ld .
The t e s t  w ires were c a l ib r a te d  in  accordance w ith  th e  u su a l
22s tan d a rd  p ra c t ic e s  o f  p la tinum  re s is ta n c e  therm om etry . Hie 
p la tinum  was chem ica lly  p u re , r e s is ta n c e  g rad e , therm ocouple 
w ire  purchased  from E ng lehard t I n d u s tr ie s  o f  Newark, New J e r s e y .
The w ires were f u l ly  annealed in  an e le c t r ic  m uffle furnace before  
u se , and they were ca lib ra ted  a t  the ic e  and steam p o in ts . The 
C allender equation which r e la te s  res is ta n ce  to  temperature was 
programmed for  d ig i t a l  computer u se , and temperatures from r e s i s ­
tance readings were ca lcu la ted  by use o f the computer. This pro­
cedure elim inated  any errors a sso c ia ted  with reading a graph.
The h ig h  te n s io n  e le c tro d e  was id e n t i c a l  to  the  one 
employed by Choi'’. I t  was an e l e c t r i c a l l y  conducting  pyrex tu b e ,
^ inches long  and 1 .5  inches in  d iam e te r . The conducting  f i lm  was 
coated  on th e  in s id e  o f th e  tube and was tr a n s p a r e n t .  The tubes 
were s p e c ia l ly  p repared  by th e  Corning G lass Works. The h e a tin g  
w ire was lo c a te d  in  the  c e n te r  o f  th e  tube and a c te d  as ground fo r  
th e  h igh  v o lta g e  u n i t .
A ll  su p p o rts  f o r  th e  u n i t  were co n s tru c te d  o f  t e f lo n ,  b r a s s , 
aluminum, o r  s t a i n le s s  s t e e l ;  t h i s  c o n s tru c tio n  allow ed fo r  a  g re a te r  
tem pera tu re  o p e ra tin g  range o f th e  t e s t  s e c t io n  assem bly , and chem ical 
in e r tn e s s  f o r  v a ry in g  t e s t  f lu id  p r o p e r t ie s .  The tube  su p p o rts  and 
th e  w ire ends were a d ju s ta b le  to  enab le  e x ac t a lignm ent o f  th e  h igh
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v o lta g e  tube and the heating w ire. Two 1 f o o t ,  3/8" diameter 
g la ss  condensers, and a l / V  diameter copper tube (12" length  
c o i le d ) ,  were used to  condense the vapor generated during a run.
Erie t e s t  s e c tio n  was immersed in  th e  f l u i d  to  be s tu d ie d  in  
a  s p e c ia l ly  co n stru c te d  re c ta n g u la r  pyrex  g la s s  box. The g la ss  
c o n ta in e r  was co n stru c te d  w ith  f l a t ,  p o lis h e d , b o r o s i l i c a te  pyrex 
g la ss  which was d i s to r t io n  f r e e .  H iis  a llow ed  c le a r  p ic tu re s  to  
be tak en  o f  th e  b o i l in g  p ro c e ss . The re c ta n g u la r  g la s s  c o n ta in e r  
was clamped betw een a  l / 2 " t e f lo n  p la te  a t  th e  to p , and a  l / V  
aluminum p la te  a t  the  bottom , by  s ix  th read ed  ro d s . A n a tu ra l  
ru b b er g a sk e t sea le d  th e  g la ss  edges a t  th e  to p  to  the  t e f lo n  p la te .  
V e n ti la t io n  was provided  through th e  g la s s  condensers. The c u rre n t 
le a d s ,  th e  v o lta g e  le a d s , and th e  h ig h  v o lta g e  e le c tro d e ,  were 
b rough t th rough th e  a p p ro p ria te  con n ec tio n s  which were d r i l l e d  
th rough th e  t e f lo n  top  p la t e .  These co nnec tions were perm anently  
p laced  th e re  to  f a c i l i t a t e  easy  rem oval o f  th e  t e s t  s e c t io n  ap p ara ­
tu s  .
G eneral System
The g la s s  c o n ta in e r  h o ld in g  th e  t e s t  s e c t io n  was p laced  on a 
f l a t  p la te  750 w a tt h e a te r .  The tem pera tu re  o f  th e  f l u i d  was kep t 
c o n s ta n t a t  th e  b o i l in g  p o in t by th e  p ro p e r ad ju stm en t o f  th e  h e a te r  
o u tp u t. A s to ra g e  bank o f fo u r  12 v o l t  b a t t e r i e s  ( in  p a r a l l e l )  p ro -
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duced the  c u rre n t f o r  th e  h e a tin g  w ire . S ince th e  maximum c u rre n t 
drawn fo r  the  h e a tin g  w ire  d u rin g  th e  t e s t s  was approxim ate ly  50 
am peres, two F o rsy the  w a te r coo led  r e s i s t o r s  w ith  an 80 ampere 
c ap a c ity  were used to  v a ry  th e  c u r re n t  in  th e  system .
A Beckman High V oltage in s u la t io n  t e s t e r ,  w ith  a c ap a c ity  o f 
it-0 thousand v o l t s ,  was used as tn e  h ig h  v o lta g e  so u rc e . A ll o f 
th e  equipment was grounded, and th e  h ig h  v o lta g e  and h e a te r  assem bly 
u n i ts  were doubly grounded. The end o f  th e  h ig h  v o lta g e  le ad  was 
s tr ip p e d  o f th e  norm al l u c i t e  in s u la t io n  and wrapped w ith  te f lo n  
tape  w ith  a  s u f f i c i e n t  th ic k n e ss  to  in s u la te  th e  w ire , and a t  the  
same tim e, to  p rov ide  a  r e a c t io n - f r e e  su rfa c e  f o r  the  f lu id s  s tu d ie d .
The measurement c i r c u i t  i s  shown in  F ig u re  3* The c u rre n t was 
measured by a  v o lta g e  drop a c ro ss  a Leeds and N orthrup 0 .01  ohm, a i r  
cooled p re c is io n  r e s i s t o r  in  s e r ie s  w ith  th e  h e a tin g  w ire . Hie 
v o lta g e  drop a c ro ss  th e  t e s t  s e c t io n  was m easured d i r e c t ly  w ith  th e  
Leeds and N orthrup p re c is io n  p o te n tio m e te r . Hie h ig h  v o lta g e  was 
measured w ith  a  Simpson M eter f o r  the  low ranges ( le s s  th an  5KV.) 
and the  Beckman u n i t  v o lta g e  m eter was used f o r  th e  h ig h e r  v o l ta g e s . 
The v o lta g e  drop a c ro ss  th e  t e s t  s e c t io n  and the  c u rre n t through th e  
w ire n ear th e  peak h e a t  f lu x ,  and a t  th e  peak h d a t f lu x ,  were meas­
ured  by a  M osely-Autograph X-Y re c o rd e r .
The read in g s  o f  th e  X-Y re c o rd e r  were checked a t  each c u rre n t 
and v o ltag e  read in g  d u rin g  a  run  by th e  Leeds and N orthrup p re c is io n
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p o te n tio m e te r to  in su re  c o r re c t  read ings n ear th e  peak h e a t f lu x ,  
and a t  the  peak h e a t  f lu x .  A k n ife  sw itch  was p rovided  to  p re ­
v e n t bu rnou t o f  th e  w ire by s h u tt in g  o f f  the  c u r re n t  when the  
peak h e a t  f lu x  c o n d itio n  was reached . This was u s u a lly  a s c e r ­
ta in e d  by th e  n o ise  o f  th e  X-Y re c o rd e r going o f f  s c a le  because 
o f  th e  sudden in c re a se  in  th e  r e s is ta n c e  o f th e  w ire .
T es t C ond itions and Procedures
Four f lu id s  were s tu d ie d  ex p erim en ta lly  in  t h i s  work. They
were t r i c h lo r o t r i f lu o r o e th a n e  ('"Freon 113')> carbon te t r a c h lo r id e ,
ch lo ro fo rm , and dichlorom onofluaranethane ("Freon 2 1 " ) . A ll  were
ch em ica lly  pure g ra d e s . A ll  o f  th e  f l u i d s ,  ex cep t dichlorom ono-
fluarom ethane, were reused  a f t e r  p ro p er d i s t i l l a t i o n .  The f lu id
t r i c h lo r o t r i f lu o r o e th a n e  was te s te d  to  in su re  th a t  th e  ap p ara tu s
was fu n c tio n in g  p ro p e r ly , and th a t  th e  d a ta  tak en  were r e l i a b l e .
Data were tak en  fo r  s e le c te d  f r e e  co n v ec tio n , n u c le a te  b o i l in g ,  and
peak h e a t f lu x  c o n d itio n s , f o r  bo th  no e l e c t r i c  f i e l d  and e l e c t r i c  f i e l d
5
c a s e s . The agreem ent between measured v a lu es  and th o se  o f  Choi 
f o r  th e  peak h e a t f lu x  a re  shown on Table 1 . Agreement was con­
s id e re d  e x c e l le n t .  In  most c a se s , d u p lic a te  runs were made f o r  
th e  peak h e a t  f lu x  p o in ts  to  t e s t  r e p r o d u c ib i l i ty .  Agreement 
betw een d u p lic a t in g  runs never v a r ie d  more th an  3 to  h p e r c e n t.
Wires - New p la tin u m  w ire assem blies  were used a f t e r  each 
ru n . 3he p o te n t ia l  ta p s  and the  double th ic k n e ss  ends were s p o t-
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TABLE 1 
PEAK HEAT FLUX COMPARISON
FREON 113
Applied Voltage E le c tr ic  F ie ld
Between T est S ection  In te n s i ty  a t  H eater Surface Peak Heat Flux 
& C ylinder E lec trode  Eg Choi5
_________ Icy_________   kv/cm_______________  B tu /h r .f t^
0 0 88,500
5.25 Vf-1* 1^9,000
1 0 .5  95-*» 1 9 2 ,0 0 0
1 5 .0  1 3 6 .3
Peak Heat Flux 
Ih is  Study 
B tu /h r. f t 2
89,000




welded to g e th e r ,  and th e  e n t i r e  assem bly was annealed  in  the  
e l e c t r i c  fu rnace  f o r  s e v e ra l  h o u rs . A f te r  an n ea lin g , th e  p l a t ­
inum w ire assem bly was c a r e fu l ly  spo t-w elded  and so ld ered  to  the  
l / V  th readed  b ra s s  ends.
Temperature C a l ib ra t io n  - The t e s t  s e c t io n  was c a l ib ra te d  
a t  the  ic e  and th e  steam  p o in ts  fo r  each new b a tch  o f w ire s .
S teady S ta te  A tta inm ent - A run was s t a r t e d  when the  t e s t  
f lu id  had been a t  i t s  b o i l in g  p o in t fo r  a t  l e a s t  two h o u rs . This 
was confirm ed by th e  p a ss in g  o f a sm all c u r re n t through the  t e s t  
s e c t io n ,  and by th e  read in g  o f a s e n s i t iv e  therm om eter immersed in  
the  b o i l in g  f l u i d .  The b o i l in g  p o in ts  o f  th e  fo u r  f lu id s  which 
were te s te d  d id  n o t vary  more th an  0 .1 °C d u rin g  a run . At l e a s t  
te n  m inutes were allow ed fo r  a tta in m e n t o f s tead y  s ta t e  c o n d itio n s  
a t  the  f r e e  co n vec tion  and low n u c le a te  b o i l in g  p o in t s . Heat 
f lu x e s  c lo se  to  th e  expected  peak h e a t  f lu x e s  were recorded  a f t e r  
o n ly  f iv e  m inutes between c u rre n t a d ju s tm en ts .
Data C o lle c tio n  and P ic tu re s  - Complete b o i l in g  curves up to  
th e  peak h e a t f lu x  were recorded  fo r  th e  f lu id s  s tu d ie d  f o r  bo th  th e  
normal co n d itio n  and f o r  the  v a rio u s  v o lta g e  le v e l s .  In  the  course  
o f  a ru n , p ic tu re s  were taken  d u rin g  n u c le a te  b o i l in g  co n d itio n s  to  
a s c e r ta in  the  e f f e c t  o f  an e l e c t r i c  f i e l d  on bubble d ep artu re  s i z e .  
The bubble p ic tu re s  were tak en  w ith  a Nikon F Photomic T camera
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coupled w ith  a be llow s ex ten s io n  and a F2.8 le n s  fo r  c lo se -u p  
photography . S h u tte r  speed was kept c o n sta n t a t  1/1000 o f a 
second f o r  th e  m a jo r ity  o f  th e  p ic tu r e s . L igh t was p rovided  by 
two 500 w a tt f lo o d  lamps p o s itio n e d  on e i th e r  s id e  o f  th e  b o i l ­
in g  a p p a ra tu s . The camera was equipped w ith a  p o la ro id  a t ta c h ­
m ent, so th a t  th e  p ic tu re s  could be developed a t  once to  in su re  




A nalysis  o f  R esu lts
The e f f e c t  o f an e l e c t r i c  f i e l d  on the  peak h e a t f lu x  in  
t o i l i n g  h e a t t r a n s f e r  as de riv ed  in  C hapter I I  f o r  non-uniform
M*) <-* -Pn (1 I  ri A/-vT.TVl *K a 1 AT.T •
This eq u a tio n  re q u ire s  the  e v a lu a tio n  o f one em p iric a l 
c o n s ta n t, C0 , the c o n s ta n t (0 .18 ) b e in g  tak en  from the
m ental peak h e a t f lu x  d a ta  fo r  the  f i r s t  system  s tu d ie d , 
t r i c h lo r o t r i f lu o r o e th a n e  ("Freon 113") >  was analyzed  w ith  re sp e c t 
to  the  second term  in  Equation  23 ,  ( th i s  d a ta  was in  e x c e lle n t  
agreem ent w ith  C h o i's  p rev ious w ork). The peak h e a t f lu x  da ta  
f o r  t r i c h lo r o t r i f lu o r o e th a n e  was p lo t te d  as a fu n c tio n  o f the 
e l e c t r i c  f i e l d  s tre n g th  a t  the w ire su rfa ce  to  y ie ld  the  in c re a se  
i n  the  peak h e a t f lu x  by the  a c t io n  o f  a non-uniform  e l e c t r i c  
f i e l d .  (F igure  6 )  S ince the  second term  in  Equation  23 g ives 
th e  expected  in c re a se  in  the  peak h e a t  f lu x  w ith  the  a p p lic a ­
t io n  o f an e l e c t r i c  f i e l d ,  a  value f o r  Co was o b ta in ed
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by equating the increase in  the peak h eat f lu x  (Figure 6 )  to  
the second term in  Equation 23, as shown below:
where /\(Q /A ) max = experim ental in crease  in  peak heat f lu x  for
tr ich lo ro tr iflu o ro e th a n e  by e le c t r ic  f i e ld  as 
determined by le a s t  squares a n a ly s is .
S ince the only unknown in  Equation 22 i s  C0 , i t  can rea d ily  
be evalu ated . By th is  approach, a value fo r  Co, o f  0*235 was 
obtained fo r  the f lu id  tr ich lo ro tr iflu o ro e th a n e  and fo r  the  
geom etric arrangement as described in  Chapter I I I .  This v a lue  of 
C0 (0 .2 3 5 ) was su b seq u en tly  used f o r  a l l  o th e r f lu id s  t e s t e d .
I t  m ight be no ted  th a t  f o r  a su rfa c e  e l e c t r i c  f i e l d  in te n s i ty  
o f  137 kv/cm fo r  t r i c h lo r o t r i f lu o r o e th a n e  th e  r a t e  o f in c re a se  o f 
th e  peak h e a t f lu x  as g iven  by E q u a tio n  21a i s  90$> o f  th a t  p re d ic te d  
by E quation  22.
(2 2 )
where C© em pirical constant as defined  by Equation 20
and hy la te n t  heat o f  vap orization
vapor d en sity
ind uctive cap acity  o f  fr e e  space (vacuum) 
d ie le c tr ic  con stan t, dim ensionless
£ o
K
e le c t r ic a l  f i e ld  in te n s ity
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The f i r s t  term  in  E quation  23 re p re se n ts  th e  f a m il ia r  
K u ta te ladze-Z uber^ t2 5 a n a ly s is  o r  p r e d ic to r  eq u a tio n  f o r  th e  normal 
peak h e a t f lu x  c o n d itio n , and th e  second term  re p re se n ts  the  
expected  in c re a se  fo r  th e  s p e c i f ic  case o f a non-uniform  D.C. 
e l e c t r i c  f i e l d .  In  o rd e r to  f u r th e r  t e s t  the  v a l id i t y  o f th e  
assum ptions and m o d if ic a tio n s  which le d  to  E quation  23, 
s e v e ra l  o th e r  f l u i d s ,  in  a d d it io n  to  the  aforem entioned 
t r i c h lo r o t r i f lu r o e th a n e ,  were s tu d ie d  to  t e s t  th e  param eters 
a s so c ia te d  w ith  th e  e l e c t r i c  f i e l d  term  of E quation  23.
They were s p e c i f i c a l l y ,  carbon te t r a c h lo r id e ,  ch lo ro fo rm , and 
dichlorom onoflurom ethane ("F reon 2 1 " ).
Thermodynamic and E l e c t r i c a l  Param eters
E quation  23 p re d ic ts  th a t  th e  l a t e n t  h e a t of v ap o riza ­
t io n  hv and th e  f lu id  vapor d e n s ity  Py , a re  prime f a c to r s  
fo r  b o th  th e  "normal" and th e  e l e c t r i c  f i e l d  c a s e s . For 
e l e c t r i c  f i e l d  e f f e c t s  in  p a r t i c u l a r ,  the  a d d it io n a l  e f f e c t  
of th e  d i e l e c t r i c  c o n s ta n t shou ld  be very  im p o rtan t. For the  
fo u r  f lu id s  s tu d ie d , t r i c h lo r o t r i f lu r o e th a n e ,  carbon 
te t r a c h lo r id e ,  ch lo ro fo rm , and dichlorom onoflurom ethane, 
the  thermodynamic term  a s s o c ia te d  w ith  the  e l e c t r i c a l  term  
(hPyO•5) -was r e l a t i v e ly  c o n s ta n t (Table 2) w ith  a  maximum 
v a r ia t io n  o f  30$* This i s  in  d i r e c t  c o n tra s t  to  the  alm ost 
UOC# in c re a se  e x h ib ite d  by th e  observed and p re d ic te d  peak
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TABLE 2
VARIATION OF THE THERMODYNAMIC TERM 
ASSOCIATED WITH THE EIECTRICAL FIELD TERM OF EQUATION 22
+ Latent Heat 
o f  V aporization 
F lu id  B tu/lb_____
Dichloro-monofluoromethane 63-09
T ric h lo ro - tr if lu o ro e th a n e 10A.15
Carbon T etrach lo rid e 83.5
Cloroform 106.3
+ Vapor Density





+ Evaluated a t  Normal B oiling  P o in t
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h e a t f lu x  v a lu es  f o r  th e  above fo u r f lu id s  f o r  any one p a r t ic u la r  
e l e c t r i c  f i e l d  i n te n s i ty .  Hence, th e  prim ary  f a c to r  o r term  
accoun ting  fo r  th e  observed  and p re d ic te d  v a r ia t io n s  in  th e  peak 
h e a t f lu x  f o r  th e se  fo u r  f lu id s  was th e  e l e c t r i c ,  and n o t the  
thermodynamic te rm . Subsequent in c re a se s  in  th e  peak h e a t f lu x  
would be approx im ate ly  p ro p o r t io n a l  to  th e  d i e l e c t r i c  c o n s ta n t 
f a c to r .  The d i e l e c t r i c  c o n s ta n ts  f o r  the above fo u r f lu id s  
v a r ie d  from 2 .10  f o r  carbon t e t r a c h lo r id e  (ev a lu a ted  
a t  th e  b o i l in g  p o in t)  to  5 .6 5  f o r  d ich lorom onofluorom ethane.
Comparison of Theory and Experim ent (P .O . F ie ld s )
The observed  and p re d ic te d  in c re a se s  in  the  peak h e a t  f lu x  
as determ ined  r e s p e c t iv e ly  by experim ent and E quation  23 fo r  
the  fo u r  f lu i d s  l i s t e d  above a re  shown in  g ra p h ic a l form  in  
F ig u res  T, 8 , 9 , and 10. A subsequent graph, F igure  11, 
compares th e  g e n e ra liz e d  e q u a tio n  (E quation 22) w ith  the  
a c tu a l ly  observed  peak h e a t f lu x  in c re a s e s . In  a l l  c a se s  
experim ent and th e o ry  were found to  g ive good agreem ent.
As p re d ic te d , la rg e r  v a lu es  o f ap p lie d  v o ltag e  o r e l e c t r i c  
f i e l d  s t r e n g th  were re q u ire d  f o r  th e  lower d i e l e c t r i c  c o n s ta n t 
f lu id s  (carbon  te t r a c h lo r id e  and t r i c h lo r o t r i f lu r o e th a n e  ) in  
o rd er to  s u s ta in  o r  m a in ta in  th e  same in c re a se s  in  th e  peak 
h e a t f lu x  w ith  h ig h e r d i e l e c t r i c  c o n s ta n t f lu id s  such a s ,  
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PEAK HEAT FLUX VARIATION OF 
CHLOROFORM WITH AN ELECTRIC FIELD
Experim ent 
(T h is  S tudy)
6020
FIGURE 10
PEAK HEAT FLUX VARIATION OF 
DICHLOROMONOFLUOROMETHANE 
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COMPARISON OF EXPERIMENTAL 
INCREASE IN PEAK HEAT FLUX 
WI1H Tin? THEORETICAL PREDICTION 
(D.C. FIELDS) OF EQUATION 22
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A.C. F ie ld s  (60 c y c le )
The sca n t l i t e r a t u r e  re fe re n c e s  fo r  the  e f f e c t  o f 
b o th  A.C. and D.C. e l e c t r i c  f i e ld s  in  b o i l in g  h e a t t r a n s f e r  
and in  p a r t i c u la r  th e  peak h e a t f lu x  in d ic a te  th a t  im pressed 
A.C. f i e l d s  a re  n o t as e f f e c t iv e  as D.C. f i e l d s .  T his was 
w e ll dem onstrated  by  th e  r e c e n t  work o f Asch^ who showed 
e x p e r im en ta lly  th a t  im pressed non-uniform  A.C. f i e l d s  were 
approx im ately  40 to  50 p er c en t le s s  e f f e c t iv e  on th e  peak 
h e a t f lu x  than  non-uniform  D.C. f i e ld s  fo r  the  s p e c i f ic  case 
of the  f l u i d  t r i c h lo r o t r i f lu o r o e th a n e . S ince t r i c h lo r o -  
tr i f lu o ro e th a n e  was th e  f l u i d  upon which the  e q u iv a le n t 
e l e c t r i c  f i e l d  s tre n g th  was based  in  t h i s  work, as a  f i r s t  
approxim ation  one m ight say  th a t  f o r  non-uniform  A.C. f i e ld s  
and h e a t t r a n s f e r  geom etries s im ila r  to  th a t  employed in  
t h i s  s tu d y  (namely tubes and w ire s ) ,  a value o f the  
e q u iv a le n t e l e c t r i c  f i e l d  s tre n g th  should  be approx im ate ly  
one h a l f  the  value determ ined  fo r  eq u iv a len t geom etry D.C. 
f i e l d s .  This new d e fin ed  c o n s ta n t f o r  non-uniform  A.C. 
f i e ld s  i s  shown below :
C0
Cn -  —  (24)
where Cn = e q u iv a le n t f i e l d  s tre n g th  c o e f f ic ie n t  fo r  
A.C. f i e l d s
k6
where 0o = e q u iv a le n t f i e l d  s t r e n g th  c o e f f ic ie n t  f o r  
D.C. f i e l d s .
This new value o f th e  e q u iv a le n t f i e l d  s t r e n g th  c o e f f ic ie n t  
m ight now he s u b s t i tu te d  in to  E quation  23 to  e v a lu a te  and 
p re d ic t  th e  e f f e c t  o f  non-uniform  A.C. f i e l d s  on th e  peak h e a t 
f lu x  phenomenon.
Comparison o f Theory and Experim ent (A.C. F ie ld s )
The e f f e c t  o f non-uniform  A.C. f i e l d s  on th e  peak h e a t f lu x  
f o r  l iq u id  n itro g e n , benzene, to lu e n e , hexane, d ic h lo ro d if lu ro -  
methane (F reon 1 2 ), e th y l  e th e r  and w ater was re p o r te d  by 
Bonjour e t  a l  . These e x p e r im e n te rs , as m entioned p re v io u s ly , 
employed a p a r a l l e l  w ire  e l e c t r i c  geom etry f o r  t h e i r  s tu d y ; and 
in  t h i s  r e s p e c t  t h e i r  app ara tu s  i s  q u ite  s im ila r  to  th e  h e a t 
t r a n s f e r  geom etry o f t h i s  work. A com parison o f the  p re d ic te d  
normal peak h e a t f lu x  and o f the  subsequent peak b e a t f lu x  
in c re a se s  w ith  th e  ex p e rim en ta lly  determ ined  v a lu es  i s  g iven  by 
F ig u res  13 th rough  19. The e q u iv a le n t f i e l d  s t r e n g th  c o e f f ic ie n t  
fo r  A.C. f i e l d s  as d e fin ed  above, Cn , was s u b s t i tu te d  in to  
E quation  23 to  g ive th e  p re d ic te d  in c re a se s  in  th e  peak h e a t 
f lu x .  The agreem ent o f th e  p re d ic te d  in c re a se s  w ith  the  
ex p e rim en ta l d a ta  i s  good. The agreem ent fo r  w ater i s  p a r t ic u ­
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FIGURE 19
PEAK HEAT FLUX VARIATION OF 
















E q u a tio i 23 
(A.C. F ie ld s )  .
Experim ent 
(Bonjour3 e t .  a l . ) .
E lectr ic  F ield  In ten sity  a t























COMPARISON OF EXPERIMENTAL3 INCREASE 
IN PEAK HEAT FLUX WITH THE THEORETICAL 





O  L iqu id  N itrogen
*f* Hexane 
O  Water
O D ichlo rod ifluo rom ethane 
/S. Toluene
□  E th y l E th er
10
103 h2
0.18 € o  (K -l)2  Cn2Es 2 
P* (K+l)
f t /h i
Equation 22
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te s te d  h e re , have a d i e l e c t r i c  c o n s ta n t range o f approxim ately  
2 to  5 5 .
M arkels and D u r fe e ^  have in v e s t ig a te d  the  e f f e c t  of D.C. 
f i e ld s  on th e  peak h e a t f lu x  f o r  iso p ro p a n o l, and A.C. f i e ld s  
fo r  w a te r . D ata on a b so lu te  e l e c t r i c  f i e l d  s tre n g th s  a t  th e  
h e a te r  su rfa c e  i s  l a c k i n g ^  due to  th e  p a r t i c u la r  geometry 
of the  h e a t t r a n s f e r  system . However, com parisons between the  
r e l a t iv e  s lo p es  o r in c re a se s  in  th e  re s p e c tiv e  peak h ea t f lu x e s  
can be made from th e  ex p e rim en ta l d a ta  w ith  th e  r e l a t i v e  s lo p es  
as p re d ic te d  by  E quation  2 3 . This com parison i s  made c o n tin g e n t 
on the  prem ise t h a t  th e  v o lta g e  v a lu es  re p o r te d  a re  d i r e c t l y  
r e la te d  to  the  e l e c t r i c  f i e l d  s t r e n g th  a t  th e  h e a te r  s u r fa c e .
The th e o r e t i c a l ly  p re d ic te d  in c re a se s  a re  shown by F ig u re  21. 
Table 3 compares th e  ex p erim en ta l in c re a se s  w ith  the  t h e o r e t i c a l  
p re d ic t io n s .  Again th e  agreem ent i s  good. I t  m ight be no ted  
th a t  th e  h e a t t r a n s f e r  su rfa c e  in  th e  work o f M arkels and 
D u rfe e ^  was a steam  tube as c o n tra s te d  to  th e  w ire su rfa c e  
used in  t h i s  t h e s i s .
N a tu ra l C onvection E f fe c ts
The e f f e c t  o f  an e l e c t r i c  f i e l d  on n a tu r a l  convec tion  
in  b o i l in g  h e a t t r a n s f e r  as observed  in  t h i s  s tu d y  i s  shown in  
F ig u res  25 th rough  28. At c o n s ta n t h e a t f lu x e s  in  t h i s  reg io n  




















PREDICTED PEAK HEAT FLUX INCREASES 
FROM EQUATION 23 FOR WATER AND 
ISOPROPANOL WITH AN ELECTRIC FIELD
f Water 
(A.C. F ie ld
10
(60  c y c le )
Iso p ro p an o l 
(D.C. F ie ld .
20
E le c tr ic  F ie ld  I n te n s ity  a t
H eater S u rfa ce , Es kv/cm
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TABLE 3
COMPARISON OF PEAK HEAT FLUX INCREASES FROM 
TUBE DATA OF MARKELS AND DURFEE^ WITH EQUATION
22
E xperim ental In c rease  
V oltage In  Normal Peak Heat E xperim ental R atio
Reading F lu id  Under Flux B tu /h r .  f t .  o f  Peak Heat Flux 
kv T est (M arkels & D u rfe e ^ )  I n c r e a s e s ^
1 Water (A .C .) 70,000
Isopropanol (D .C .)
P re d ic ted  Increase  
R a tio  In Peak Heat 
F lux From 
Equation 22.
2 Water (A .C .) 150,000
















BOILING HEAT TRANSFER CURVE
FOR CARBON TETRACHLORIDE WITH AN
ATTENDENT ELECTRIC FIELD (D.C. FIELD)
CVJ
O 0 kv/cm 
A 82 kv/cm 
□  120 kv/cm
10*
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BOILING HEAT TRANSFER CURVE FOR
DICHLOROMONOFIUOROMETHANE WITH AN
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BOILING HEAT TRANSFER CURVE FOR CHLOROFORM
WITH AN ATTENDENT ELECTRIC FIELD (D.C. FIELD)
□0 kv/ctr 
A 9 kv/cn



















BOILING HEAT TRANSFER CURVE FOR TRICHLOROTRIFLUORO-
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su rfa ce  te m p e ra tu re . As no ted  in  C hapter I ,  the  e l e c t r i c a l  
fo rce s  a s s o c ia te d  w ith  p o la r iz e d  and charged m a tte r might b e s t  
account f o r  t h i s  phenomenon. C h o i's^  d e f in i t io n  o f an 
e q u iv a le n t g ra v i ty  f i e l d  based  on th e  above e l e c t r i c a l  fo rc e s  
m ight be expec ted  to  b e s t  q u a n t i t a t iv e ly  account f o r  th ese  
e f f e c t s .
N ucleate  B o ilin g  Region
The e f f e c t  o f an e l e c t r i c  f i e l d  on n u c le a tio n  and n u c le a te  
b o i l in g  i s  n e g l ig ib l e . In  a l l  o f th e  f lu id s  s tu d ie d  in  t h i s  
work, n u c le a tio n  f o r  a l l  e l e c t r i c  f i e l d  s tre n g th s  occu rred  a t  
approx im ate ly  20 to  25 degrees o f su p e rh e a t. At a p p ro p ria te  
h e a t f lu x e s  ( 1 .5  X lcA B tu /h r . f t^ )  th e  a p p lic a t io n  o f an 
e l e c t r i c  f i e l d  w i l l  tran sfo rm  n u c le a te  b o i l in g  in to  th e  
n a tu ra l  co n v ec tio n  mode o f h e a t t r a n s f e r . Above t h i s  h e a t 
f lu x  value sm all tem pera tu re  d if f e r e n c e s  a re  seen to  e x i s t  
w ith  the  a p p lic a t io n  of th e  e l e c t r i c  f i e l d .  At very  h igh  
n u c lea te  b o i l in g  r a te s  the  re v e rse  c o n d itio n  o f an in c re a se  
in  re q u ire d  tem pera tu re  d e v e lo p s . An adequate e x p lan a tio n  
o f th i s  phenomenon and of the  low range of th e  n u c lea te  
b o i l in g  zone in  th e  p resence  o f e l e c t r i c  fo rce s  has no t y e t  





Bubbles le av in g  a h e a t t r a n s f e r  su rfa c e  e x h ib i t  v a rio u s  
bubble d e p a rtu re  s i z e s . Bubbles a re  seen  to  leave  a su rfa c e  
hav ing  d iam eter r a t io s  o f approx im ate ly  2 . 0 , depending on th e  
n u c le a tin g  c h a r a c te r i s t i c s  o f  the  h e a t  t r a n s f e r  s u r fa c e . A l­
though an e x a c t correspondence o f bubble d e p a r tu re  s iz e  w ith  
h e a t f lu x  i s  n o t p o s s ib le ,  a p a r t i c u l a r  h e a t  t r a n s f e r  su rfa ce  
and a f lu i d  do e x h ib i t  a range of most p robab le  d e p a r tu re  diam­
e te r s  and th e se  v a lu es  can be pu t to  p r o f i ta b le  a n a ly s is .
E le c t r ic  F ie ld  E f fe c ts
The e f f e c t  o f  a non-uniform  e l e c t r i c  f i e l d  on bubble d ep ar­
tu re  s iz e  i s :
A. To reduce the  bubble d e p a rtu re  s iz e
B. To in c re a se  the  frequency o f bubble d e p a rtu re
For s tro n g  e l e c t r i c  f i e ld s  th e se  e f f e c t s  can be q u ite  pronounced. 
Bubble d e p a rtu re  s iz e s  in  th i s  s tu d y  were determ ined  by photographing  
v a rio u s  p o r tio n s  o f  the  n u c lea te  b o i l in g  range fo r  th e  fo u r  f lu id s  
s tu d ie d  and p h y s ic a lly  m easuring th e  range o f d e p a r tu re  s iz e s  f o r  s e ­
le c te d  b u b b le s . As mentioned above, f o r  any one h e a t  f lu x ,  the  depar-
6k
tu re  bubble d iam e te rs  e x h ib i t  a s c a t t e r  o f  range o f  s iz e s  and an 
a ttem p t -was th e re fo re  made to  average  o u t th e  v a rio u s  reco rded  
d ep a rtu re  s i z e s .  This was accom plished by reco rd in g  d e p a rtu re  
bubble s iz e s  f o r  a g iven  h e a t  f lu x  and th en  av erag in g  the  sum o f 
th e se  v a rio u s  bubb le  s iz e s  f o r  any one g iven  p ic tu r e .  These r e ­
s u l t s  a re  summarized in  F ig u res  22 th rough  25, and in  Tables 
th rough 7 *
I t  was observed  from th e se  r e s u l t s  th a t  a s im ila r  e f f e c t  on 
th e  bubble d e p a r tu re  s iz e  was exp erien ced  f o r  a l l  fo u r  f l u i d s ,  and 
th a t  th e  p ro d u c t o f  th e  bubble  d e p a r tu re  s iz e  and the  e l e c t r i c  
f i e l d  in t e n s i t y  a t  the  h e a te r  su rfa c e  was approx im ate ly  a c o n s ta n t 
as shown in  Table 8 f o r  a f i e l d  exceed ing  10 kv/cm.
Bubble D epartu re  H ypothesis
The fo llo w in g  co n clu sio n s  re g a rd in g  th e  e l e c t r i c  f i e l d  e f f e c t s  
on bubble shapes may now be o f f e r e d .  They a re :  one, th a t  th e  p rod­
u c t  o f  th e  e l e c t r i c  f i e l d  in t e n s i t y  a t  the  h e a te r  su rfa ce  and the  
average bubble d e p a r tu re  s iz e  i s  n e a r ly  c o n s ta n t f o r  th e  f lu id s  
t e s t e d ,  and tw o, t h a t  th e  s iz e  and frequency  o f bubble d e p a rtu re  
m ight be ex p ressed  as th e  p ro d u c t o f  th e  frequency  and th e  d e p a r tu re  
bubble d iam eter sq u a red . This second co n clu sio n  i s  based on the  


























BUBBLE DEPARTURE DIAMETER AS A 
FUNCTION OF ELECTRIC FIELD INTENSITY AT 
HEATER SURFACE FOR TRICHLORO-TRIFLUOROETHANE
A  Experim ent
O.Ol
0.005
0 0 .0 1 0.015 0.02 0.025
R ecip ro ca l o f  E le c t r ic  F ie ld  I n te n s i ty  

























BUBBLE DEPARTURE DIAMETER AS A FUNCTION 
OF ELECTRIC FIELD INTENSITY AT HEATER 
SURFACE FOR CARBON TETRACHLORIDE
0.02
Experim ent 




0 .0250.020.01 0 .0150
R ec ip ro ca l o f  E le c t r ic  F ie ld  I n te n s i ty  


























BUBBLE DEPARTURE DIAMETER AS A 
FUNCTION OF ELECTRIC FIELD INTENSITY AT 





| | Experim ent
0 0 .0 5  0 .1  0 .015
R ecip ro ca l o f  E le c t r ic  F ie ld  I n te n s i ty  
l/E g  cm/kv
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TABLE 4
BUBBLE DEPARTURE DIAMETER RANGE FOR TRICHLORO- TRIFLUOROETHANE 
AS A FUNCTION OF ELECTRIC FIELD INTENSITY AT HEATER SURFACE
E le c t r ic  F ie ld  I n te n s i ty  Measured Bubble
A t H eate r S urface  D eparture D iam eters
(Eg ) kv/cm Run Number  ( in ._)__
0  6  0 . 020- 0 .0 3 0
7 0 . 02 - 0 .03
10 0 .02 - 0 .0 3
17 0 .0 2 -0 .0 3
24 0 .0 2 -0 .0 3
22 0 .020 -0 .025
12 0 . 020- 0 .0 2 5
46 12A 0 .0 0 5 -0 .0 1
18 0 . 007- 0 .0 1
23 0 .0 1
24 0 .0 1
92 7A 0.005
4 0 .005
12B 0 .002-0 .005
137 12C 0 .0 0 2 -0 .0 0 4
6B 0.002
183 12D 0 .001-0 .002
8A 0 .0 0 2 -0 .0 0 3
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TABLE 5
BUBBLE DEPARTURE DIAMETER RANGE FOR CARBON TETRACHLORIDE 
AS A FUNCTION OF ELECTRIC FIELD INTENSITY AT HEATER SURFACE
E le c t r ic  F ie ld  I n te n s i ty  Measured Bubble
At H eater S u rface  D eparture Diameters
(Es ) kv/cm Run Number _______ ( i n . )________
0 1 0 .0 2 -0 .0 3
7 0 .0 2 -0 .0 3
28 7B 0.02-0.02^-
b6 7C 0 .015- 0 .0 2
6k 7D 0 .01-0 .015
92 7E 0 . 007- 0 .008
5 0 . 0014.-0.005
120 7F O.OO5-O.OO6




BUBBLE DEPARTURE DIAMETER RANGE FOR DICHLORO-MONOFLUOROMETHANE 
AS A FUNCTION OF ELECTRIC FIELD INTENSITY AT HEATER SURFACE
E le c t r i c  F ie ld  I n te n s i ty  Measured Bubble
At H eater S u rface  D epartu re  Diam eter
kv/cm . Run Number _______( i n . )_______
0  1 0 .0 2 -0 .0 3
9 1 0 . 015- 0.020
18 T 0 .0 1 -0 .0 2
28 3 0 .0 0 8 -0 .0 0 1 2
37 3 0 . 00I4.-0 .0 0 7
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TABLE 7
BUBBLE DEPARTURE DIAMETER RANGE FOR CHLOROFORM 
AS A FUNCTION OF EIECTRIC FIELD INTENSITY AT HEATER SURFACE
E le c t r ic  F ie ld  I n te n s i ty  Measured Bubble
At H eate r S urface  D eparture Diameter
_______ kv/cm Run Number ________( i n . )______
28 3 0 . 01 - 0 .0 2  
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From th e  d a ta  o f  Table 8 th e  fo llo w in g  r e la t io n s h ip  is  
h y p o th e s iz e d :
■where D = d iam eter o f d e p a r tu re  s iz e  
where Es = su rfa ce  e l e c t r i c  f i e l d  in te n s i ty  
where = a c o n s ta n t
E quation  11 and 23 as d e riv ed  f o r  th e  e f f e c t  o f  an e l e c t r i c  
f i e l d  on th e  peak h e a t f lu x  shows th a t  near the  peak h e a t f lu x  th e  
v e lo c i ty  o f  vapor o r bubble rem oval would be p ro p o r t io n a l  to  the  
e l e c t r i c  f i e l d  in te n s i ty  a t  the  h e a te r  s u r fa c e , namely
where Vg = bubble d e p a r tu re  v e lo c i ty  
where Es = su rfa ce  e l e c t r i c  f i e l d  in te n s i ty  
where K2 = a c o n s ta n t
The v e lo c i ty  o f  any bubble d e p a r tin g  from th e  su rfa c e  may be 
d e fin ed  as shown below :
DES = KX (25)
( 26 )
Vg = fD (27)
where V_ = bubble d e p a r tu re  v e lo c i ty  e>
where f  = frequency  o f bubble removal
where D = d iam eter o f  d e p a r tin g  bubble
7^
Combining eq u atio n s  26 and 27 th en  g iv e s :
Vg = fD = K2 Es
and s in ce
Es == Kl 
D
th en
fD = Vg = K2Kx 
D
o r ,
fD2 = K (29)
C onclusions
E quation  29 th e re fo re  s t a t e s  t h a t  th e  v e lo c i ty  o f vapor o r 
bubble removal f o r  a f lu i d  under e l e c t r i c  s t r e s s  should  be in ­
v e r s e ly  p ro p o r tio n a l to  the  bubble  d e p a r tu re  s i z e .  We might a lso  
in f e r  th a t  a t  c o n d itio n s  away from th e  peak h e a t f lu x  h ig h e r 
vapor v e lo c i t i e s  w i l l  e x i s t  f o r  the  s p e c i f ic  case  o f  a f lu id  
s t r e s s e d  by an e l e c t r i c  f i e l d .  However, s in ce  no frequency  
measurements were p o ss ib le  from th e  s t i l l  bubble pho tographs, 
E quation  29 can on ly  be co n sid e red  a h y p o th e sis  la ck in g  e x p e r i­








The e f f e c t  o f  a non-uniform  e l e c t r i c  f i e l d  on th e  b o i l in g  
h e a t  t r a n s f e r  mechanisms s tu d ie d  in  t h i s  th e s is  may be summarized 
as  fo l lo w s :
1.. The in c re a se  in  th e  norm al peak h e a t f lu x  may be ex p la in ed  
and q u a n t i ta t iv e ly  d e fin ed  by the  p o s tu la t io n  o f  an e le c ­
t r i c a l l y  s t a b i l i z e d  H elm holtz-T aylor hydrodynamic c o n d itio n .
2 . An e l e c t r i c  f i e l d  in c re a s e s  the  peak h e a t  f lu x .  Large 
in c re a s e s  over th e  norm al peak h e a t f lu x  can be ex p ec ted , 
w ith  a p p lie d  v o lta g e  and d i e l e c t r i c  s tre n g th  o f  the  f lu id  
seem ingly  th e  on ly  l im i ta t io n s  to  f u r th e r  in c re a se d  h e a t 
t r a n s f e r  r a t e s .
3 . An e l e c t r i c  f i e l d  w i l l  have a s ig n i f i c a n t  e f f e c t  in  the  
n a tu r a l  co n vec tion  h e a t  t r a n s f e r  regim e. In  t h i s  reg io n  
h e a t  f lu x e s  may be m ain ta ined  w ith  co rre sp o n d in g ly  low er 
h e a t  t r a n s f e r  su rfa c e  tem p era tu res  a t  in c re a se d  e l e c t r i c  
f i e l d  s t r e n g th s .
k . The v a r ia t io n  o f  h e a t  t r a n s f e r  su rfa ce  tem p era tu res  in  the  
re g io n  o f n u c le a te  b o i l in g  in  the  p resence o f  a  non-uniform  
e l e c t r i c  f i e l d  w i l l  be m inor.
5. The e f f e c t  o f  an e l e c t r i c  f i e l d  on bubble fo rm ation  and 
d e p a rtu re  i s  to  reduce the  bubble d e p a rtu re  s iz e  and to  
in c re a se  th e  r a te  o r  frequency  o f  bubble rem oval.
6 . A h y p o th e tic a l  e x p re ss io n  f o r  th e  frequency  and d iam eter 
o f  bubble removal in  th e  p resence  o f  an e l e c t r i c  f i e ld  
may be d esc rib ed  as th e  p ro d u c t o f  th e  frequency  o f r e ­
moval and the  bubble d e p a rtu re  d iam eter squared .
7 . A pplied  v o lta g e  e f f e c t s  w i l l  be more e f f i c i e n t  w ith  h ig h e r 
d i e l e c t r i c  c o n s ta n t f l u i d s .
Re commendations
1 . A s tudy  o f  p a r t i c u la r  im portance would be t h a t  o f  th e  e f f e c t  
o f  uniform  e l e c t r i c  f i e ld s  on f lu id s  o f  v a ry in g  d ie l e c t r i c  
c o n s ta n ts .  Up to  th e  p re s e n t tim e , on ly  non-uniform  f ie ld s  
have been in v e s t ig a te d .  A s u i ta b le  e l e c t r i c  geometry fo r  
th e se  s tu d ie s  m ight be two uniform  f l a t  p l a t e s .
2 . V arious h e a t t r a n s f e r  su rfa c e s  should  be s tu d ie d , to  fu r th e r  
t e s t  and expand th e  p o s tu la t io n  o f th e  s ta b i l i z e d  hydrody­
namic c o n d itio n  f o r  th e  in c re a se  in  th e  norm al peak h e a t 
f lu x  w ith  a t te n d a n t  e l e c t r i c  f i e l d s .
3 . Htie e l e c t r i c  e f f e c t  on bubble sh ap es , com prising  the  s tudy  
o f  th e  frequency and d iam eter o f  d e p a r tin g  b u b b le s , should 
be in v e s t ig a te d  to  develop  a more fundam ental understand ing  
o f  th e  e x ac t n a tu re  o f  the  hydrodynamic c o n d itio n s  e x is t in g  
a t  o r  near the  peak h e a t  f lu x .
A study  n o t developed h e re  would be th e  in v e s t ig a t io n  o f 
f i lm  b o i l in g  in  a uniform  o r  non-uniform  e l e c t r i c  f i e l d  




The n e c e ssa ry  c u r re n t  and v o lta g e  read in g s  were tak en  d u rin g  
a run  to  a s c e r ta in  th e  fo llo w in g  v a lu e s :
1 . Heat f lu x
2 . E le c t r i c  f i e l d  in t e n s i ty  a t  h e a te r  su rface
With th e  d a ta  a v a ila b le  to  c a lc u la te  th e  above q u a n t i t i e s ,  a  ty p i ­
c a l  sample c a lc u la t io n  was as fo l lo w s :
E le c t r ic  F ie ld  I n te n s i ty
The e l e c t r i c  f i e l d  i n t e n s i ty  betw een a  c o a x ia l arrangem ent of 
conductors i s  w e ll known. The e q u a tio n  r e la t in g  th e  e l e c t r i c  f i e l d  
in t e n s i ty  f o r  one ex p erim en ta l system  i s  given below :
where E = e l e c t r i c  f i e l d  i n t e n s i t y ,  kv/cm
where Vo = v o lta g e  betw een c y l in d e r s ,  v o lts
where r o = o u te r  c y lin d e r  r a d iu s ,  in .
where r i = in n e r c y lin d e r  or h e a te r  w ire r a d iu s ,  in .
where r = d is ta n c e  from c e n te r  o f  in n e r e le c tro d e , to  p o in t a t
which c a lc u la t io n  o f E i s  d e s ir e d , cm
The e l e c t r i c  f i e l d  i n t e n s i ty  v e c to r  f o r  t h i s  p a r t i c u la r  case 
i s  always d ir e c te d  tow ards the  in n e r c y lin d e r  re g a rd le s s  o f  v o lta g e  
p o la r i ty .
8o
The fo llo w in g  c a lc u la t io n s  a re  f o r  th e  run 2 w ith  carbon 
t e t r a c h l o r id e .
T est c o n d itio n s :
V0 = 5 .00  kv 1 0 .0 5 kv
= 0 .0 1 0  in .  + 0 .0001  i n .
r D = 0 .7 5  in .  i  0 .0 1  i n .
r  = 0 .0 1 0  in .  ± 0.0001  in .
Es = ----- 1 --------------   5Q2P- = 45 .6  kv/cm + 1
2 . 3k (0 .0 1 ) 0 . 75 / 0 .0 1
Heat Flux
The h e a t  f lu x  fo r  the  t e s t  s e c t io n  in  the  experim ent system  
i s  c a lc u la te d  by d iv id in g  the  h e a t  lo s s  th rough th e  w ire by the  
su rfa ce  a re a  o f the  s e c tio n . The h e a t f lu x  may be w r i t te n  a s :
A
where Q = h e a t  t r a n s f e r  r a te ,  B tu /h r
2where A = a re a ,  f t  
s p e c i f i c a l ly  fo r  th i s  c a s e :
A = 2 lf rwL
^  = h e a t  f lu x , B t u / h r . f t 2
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where i f  = c o n s ta n t
where r w = ra d iu s  o f  w ire , f t . 
where L = le n g th  o f  t e s t  s e c t io n ,  f t .
The h e a t d is s ip a te d  in  the  t e s t  s e c t io n  o f th e  w ire e q u a ls ;
where Q = h e a t  t r a n s f e r  r a t e ,  w a tts  
where VQ = v o lta g e , v o l ts  
where I  = c u r r e n t ,  amps
th e n ,
The t e s t  c o n d itio n s  fo r  run 2 w ere:
v 0 = 1 .155  v o l t s  i  0 .0 0 0 1  v o l ts
I  = 33 .62  amp ± 0 .0 1  amp
r v = 0 .0 1  i n .  t  0 .0 0 0 1  i n .
L = ̂ .80  cm i  0 .0 2  cm
th e n ,




The su rface  tem p era tu re  o f  the  p la tin u m  w ire t e s t  s e c tio n  was
where R^ = r e s is ta n c e  o f  p la tin u m  w ire a t  tem peratu re  T 
where Ro = r e s is ta n c e  o f  p la tin u m  w ire a t  zero  degrees c e n tig ra d e  
where Rqoo = r e s is ta n c e  o f  p la tinum  w ire  a t  one hundred degrees 
c e n tig ra d e  — -
where T = tem pera tu re  o f  p la tin u m  w ire , °C
where & = e m p ir ic a l c o n s ta n t
The C a llen d a r e q u a tio n  i s  a q u a d ra tic  in  tem perature  and was 
so lved  by th e  use o f  a  d i g i t a l  com puter. The re s is ta n c e  o f  th e  
p la tinum  w ire a t  th e  ic e  and a t  th e  steam  p o in ts  was o b ta in ed  by 
p a ss in g  a sm all c u r re n t  th rough  th e  t e s t  s e c t io n  o f the  w ire w hile 
th e  s e c tio n  was immersed in  an ic e -w a te r  b a th  and in  b o i l in g  w ater 
r e s p e c t iv e ly .  For th e  p la tin u m  w ires  used  in  t h i s  s tu d y , th e  r a t i o  
RlOO/Ro was found to  be 1 .392 , w ith  sigma prime c rbeing  tak en  as
22determ ined by th e  use o f  th e  w e ll known C a llen d a r eq u a tio n  fo r
p la tinum  re s is ta n c e  therm om etry as g iven  below :




The computer program i s  g iven  below:
READ, R0,R1 
READ, N 
DO 4 1=1, N
READ, CUR, VOL 
RT= VOL/CUR 
A= (1 .4 9 3 /1 0 0 .)  + 1 .
B= ( ( (1 .4 9 3 /1 0 0 .)  + l . ) * * 2 ) - ( 4 .*  1 .4 9 3 /1 0 0 .)*(RT-R0)/(R1-R0)
B2= B** ( 1 . / 2 . )
C= 2 .*  1 .493/10000.
TN= (A-B2)/C 
TNF= 1 .8*T N -l42 .l6  
TNFD= TN F-l42.l6  
PUNCH, CUR, VOL, RT 
4 PUNCH, TNF TNFD 
END
where CUR = c u r re n t  th rough t e s t  s e c tio n
where VOL = v o lta g e  a c ro ss  t e s t  s e c tio n
where N = number o f  d a ta  s e ts  of c u rre n t and v o lta g e
where RT = r e s is ta n c e  o f t e s t  s e c tio n  a t  tem pera tu re  T
where R0,R1 = r e s is ta n c e  o f  t e s t  s e c tio n  a t  ic e  and steam  p o in ts
where TN = tem pera tu re  o f  t e s t  s e c t io n  su rface  °F
where TNF = tem pera tu re  o f  t e s t  s e c tio n  su rfa c e  °C
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where TNFD = tem peratu re  d if fe re n c e  betw een t e s t  s e c t io n  su rfa ce  
and s a tu ra te d  l iq u id  tem p era tu re  
where A,B,B2, C = f ix e d  and v a r ia b le  c o n s ta n ts
A sample c a lc u la t io n  fo r  run  2 f o r  th e  carbon te t r a c h lo r id e  
s e r ie s  i s  shown below w ith  th e  fo llo w in g  in p u t d a ta :
VOL = 1.155 v o l ts  
CUR = 33.62 amps 
Ro = 0.0239^9 ohms 
R1 = 0.033338 ohms
s a tu r a te d  l iq u id  b o i l in g  p o in t  = lU 2 .l6 °F  
The fo llo w in g  computer r e s u l t s  were o b ta in e d :
TN = 231.82°F 
A T = 6 i .6 t °c
APPENDIX I I I
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PEAK HEAT FLUX CALCULATIONS
The f i n a l  p r e d ic to r  eq u a tio n  developed in  t h i s  s tu d y  f o r  
th e  e f f e c t  o f  non-uniform  A.C. and D.C. e l e c t r i c  f i e l d s  on th e  
peak h e a t f lu x  in  b o i l in g  h e a t t r a n s f e r  i s  shovn b e lo v :
The com puter program to  e v a lu a te  t h i s  eq u a tio n  i s : 
READ, SIG, G, EO, XK 
READ, P , DV, DL 
D= P* DV* 0 .180
A= (SIG*(G**2) *  (DL-DV)) / (DV**2)
B= ( (EO*G*0.020088* (XK-1.) **2)/(D V *(X K +l.)))
READ, N
DO 5 I  = 1 , N
READ* C; E
Q= D*(A)** 0 .25  + D*(C*B*E**2) **0.5 
5 PUNCH Q, E 
END
■where:
SIG = su rfa c e  te n s io n  o f f lu i d  a t  s a tu r a te d  b o i l in g  p o in t ,  l b ^ / f t .  
G = a c c e le r a t io n  of g r a v i ty ,  f t / h r 2
EO = in d u c tiv e  c a p a c ity  o f  f r e e  sp ace , cou l2 /newton-m . 2
XK = d i e l e c t r i c  c o n s ta n t ,  l iq u id
P = l a t e n t  h e a t o f  v a p o r iz a t io n , B tu /lb
DV = d e n s i ty  o f  v ap o r, lb m/ f t 8
DL = d e n s ity  o f  l iq u id ,  l t ^ / f t 8
A,B,D = f ix e d  and v a r ia b le  c o n s ta n ts
C =? e q u iv a le n t f i e l d  c o e f f ic ie n t
E = e l e c t r i c  f i e l d  in t e n s i t y  a t  w ire  s u r fa c e ,  v o lts /m .
N = number o f  d a ta  s e t s
Q = peak h e a t f lu x ,  B t u / h r . f t 2
The fo llo w in g  com puter r e s u l t s  were o b ta in ed  f o r  run  2 
th e  carbon te t r a c h lo r id e  s e r i e s  w ith  th e  fo llo w in g  in p u ts : 
S3£r= 1^0.005 x 10* 5 l b f / f t  
G = 4 .17  x 108  f t / h r 2 
EO = 8 . 85^ x 101 2 , co u l2 /new ton-m . 2 
K = 2 .10  
P = 8 3 . 5  B tu /lb  
DU = O.3UO l b / f t 3 
DL = 92.5 l b / f t 3
c = 0.235
E = ^ ,600 ,000  v o lts /m e te r
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Computer R esu lt
Q = peak h e a t f lu x  = 159*000 f e tu /h r .f t^
T his q u a n ti ty  i s  th e  v a lu e  f o r  th e  peak h e a t f lu x  f o r  carbon 
te t r a c h lo r id e  w ith  an e l e c t r i c  f i e l d  in t e n s i ty  a t  th e  h e a te r  






L a te n t Heat o f  




l b f / f t .
L iquid
D ensity
l b / f t 3
Vapor
D ensity
l b / f t 3
D ie le c t r ic
C onstan t
Freon 1131 63 .09 118.86 94.2 0 .464 2 .40
Carbon3 ' 1*
T e tra c h lo rid e 83 .5 i 4o.oo 92 .5 0 .340 2 .10
Freon 211 104.15 l 4 0 .69 8 7 .7 0 .285 5.65
Chloroform2>3 106.3 1^9.13 88.02 0 .2 7 2 4.20
L iqu id  Ng2 *8 8 6 .0 7 60.74 50.45 0 .288 1.431
Benzene2 >3 169.9 l4 4 .8 l 50.53 0 .1 6 8 2 .15
Hexane2 >3 1U2 .9 91.96 38.07 O.192 1.804
Toluene2>3 155.9 124.32 48.49 0 .183 2 .1 4
Water2>3 970.3 404.23 59-81 O.0373 55.33
E th y l E th e r2 ,3 ,4 153. T 104.32 44.51 O.183 4 .1 0
Iso p ro p an o l^  >3 2 8 6 .5 115.29 ^5 .5 0 .135 1 1 .6 0
Freon 12^ 71.03 114.61 9 2 .8 5 0.397 2.373
1. "FREON" Technical B u lle tin s8 .
2. In te rn a tio n a l C r it ic a l  Tables, Vol. 1-7, 1926-30.
3• Timmermans23.




EFFECT OF AN ELECTRIC FIELD OR BUBBLE
DEPARTURE DIAMETERS FOR TRICHLOROTRIFLUOROETHAEE
Es = 0 kv/cm 
Heat F lux  = 5 .>900 B tu /h r . f t '  
A  T = 2 2 .6  °F
Es = 45 kv/cm 
Heat F lux  = 5>960 B t u / h r . f t 1 
A T = 23-6°F
Eg = 92 kv/cm 
Heat F lux = 5 ,940 B tu /h r . f t 2 
£ T  = 20.4 °F
9̂
FIGURE 30
EFFECT OF AN ELECTRIC FIELD ON BUBBLE 
DEPARTURE DIAMETERS FOR TRICHLOROTRIFLUOROETHANE
Es = 137 kv/cm , „
Heat F lux = 10,17^ B tu /h r . f t^  
A T  = 25.2°F
Ea = 18U kv/cm 
Heat F lux = 16,500 B t u / h r . f t 2
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FIGURE 31
EFFECT OF AN ELECTRIC FIELD ON BUBBLE
DEPARTURE DIAMETERS FOR CARBON TETRACHLORIDE
Es = 0 kv/cm 
Heat F lux  = 10,500 B tu /h r . f t '  
&  T = 30°F
Es = 9 kv/cm 
Heat F lux  = 10,688 B t u / h r . f t 1 
A T  = 32.9°F
H eat F lux  = 12,100 B t u / h r . f t 2 
A T = 3^ • 2 °F
FIGURE 32
EFFECT OF AN ELECTRIC FIELD ON BUBBLE DEPARTURE
DIAMETERS FOR DICHLOROMONOFLUOROMETHANE
Eg = 0 kv/cm
Heat F lux  = 1 4 ,OOO B tu /h r . f t2
Es = 9 kv/cm 
Heat F lux  = 1^,000 B tu /h r . f t*
Eg = 37 kv/.cm
Heat F lux  = 26 ,16° B t u / h r . f t 2
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The d a ta  l i s t e d  in  Appendices VI through IX a re  com puter 
r e s u l t s .  T h e re fo re , th e  s ig n i f ic a n t  f ig u re s  a s s o c ia te d  w ith  
th e se  d a ta  should  he co n s id e red  w ith  re s p e c t to  th e  fo llo w in g  
e s tim a te d  measurement e r r o r s .
V oltage re a d in g s  1 0 .01$
C urren t re a d in g s  ± 0 .04$
High V oltage Readings i  1$
Wire Tem perature read in g s  ± 0 .2°F  
Length Measurements ± 0 .4$
A ll o f th e  c u rre n t and v o lta g e  read in g s  up to  th e  peak h e a t 
f lu x  were m easured by th e  Leeds and N orthrup p o te n tio m e te r f a c i l i t y .  
The peak h e a t f lu x  c u r re n t  and v o lta g e  read in g  was m easured by th e  
A utograf X-Y re c o rd e r .  The e r r o r  a s s o c ia te d  w ith  t h i s  re c o rd e r  




1 ,2 ,2 , TRICHL0R0 -  1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 2
Test S ec tion  Length 2 .00  in .  
T est Voltage 0 lev
Test S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  L iquid Heat Flux
Temperature Tw-Ts (°F ) B tu /h r . ft**
0.085008 2.780 125.97 8.37 920.05
0 . 11U06 3.680 133.52 15.91 1,63*1.13
0.13038 b.  1737 137.9** 20 . 3*1 2 , l l 8 . 5lt
0.22631 7 . 2*i62 137.81 20.2 6,38U.39
0.25555 8.1680 138.82 21.22 8 , 126.37
0 . 3086b 9.8390 1*10. 3? 22.72 11 , 822.5
0.33395 10.6320 l l i l .  058 23 .*16 13,822.9
0 . 3665*1 11 .6*186 1*12.085 2*1.*19 16, 622.6
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TABUS 11
1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 1
T e s t S ec tio n  Length 2 .0 0  in .
T e s t V oltage 0 kv
T e s t S ec tio n  T es t S ec tio n  Wire S u rface
V oltage C u rren t Tem perature Tw
( v o l t s ) (amos) (°F )_______
0.090386 2.9767 129.^5
0.123839 1 .0 ll3  138.36
0.22721 7-3316 1I 0.96
0.26175 8 .1266 112.28
0.30235 9-7256 112.76
0.36070 11.5711 l l l , 3 1
O .I2165 13-180 116.28
0.16825 1I .9386 1I 7 . I 9
0.51132 16.2760 118.79




Wire S u rfa c e  Tem perature
Minus S a tu ra te d  L iqu id  H eat F lux





25.16  11, 118.05
26.71 16,218.97
28.69  22,128.25
29.89  27 , 232.85






1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFHJORO E5HANE BUN NO. 5
T es t S e c tio n  Length 2 .0 0  i n .  
T e s t V oltage 0 kv
T est S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r . f t2
0 . 12M81 1*. 036*1 138.18 20.58 1,956.15
0.097795 3.2106 131.20 13.60 1,222.38
O.IO6986 3-**932 13*1.27 16.67 1 ,*i5*i.97
O .I I92U 3.8839 135.63 18.03 1 ,802 .99
0.18256 5.8936 . 1*10.69 23.09 *1, 188.82
0 .15*180 5.010 139.26 21.66 3,019.35
0.11*305 *i. 6U97 136.82 19-22 2,589.51
0.121305 3.9520 135.51 17.91 1 , 866.38
0.108532 3.5^71 133.73 16.13 1,*198.77
TABLE 13
1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. ?
T es t S ec tio n  Length 2 .0 0  i n .
Test Voltage 0 kv
3s t  Section  
Voltage 
(v o lts  1






Wire Surface Temperature 
Minus S atu ra ted  Liquid 
Temperature Tw-Ts (®F)
Heat Flux 
B tu /h r. f t2
0.19121 6.1516 11*2.66 25.06 J*,579-35
0 . 336lh IO.796 1^3.63 26.03 ll*, 128. 21*
0.k83kk 15.291* 152.37 3^-77 28,785.17
0 . 551*66 17.525 153.U 35.51 37,81*3-38
0.62711 19.736 155. »*2 37.82 1*8 , 18U. 57
0.721*1*8 22.635 159.71 1*2.11 63 , 81*2.82
0.8012 2k.  92 162.36 1*1*. 76 77,730.98
103
TABLE lU
1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 8
Test S ection  Length 2 .00 In . 
Test Voltage 0 kv
Test S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
0 .8lM*9 12 . 3'H 821*. 37 706.77
0.9020 12.84 913.1*2 795.82
1 .0 0 0 13.332 1 , o il*.93 897.33
1.252 ll*.l*89 1 , 266.78 1 , 11*9.18
Heat Flux 







1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFLUORO ETHANE HUN NO. 9
T est S e c tio n  Length 2 .Oil In .
Test Voltage 0 kv
Test Section  
Voltage 
(v o l ts )






Wire Surface Temperature 
Minus S atu rated  Liquid 
Temperature Tv-Ts (°F)
Heat Flux 
B tu /h r. f t2
0.25318 8.0529 142.12 24.52 7,789.55
0.2000 6.3702 141.35 23.73 4,867.59
0.16727 5.34o6 139-95 22.35 3,413.02
0.13657 4.3809 137.29 19.69 2 , 285.86
0.11926 3-8355 135.83 18.23 1,747.62
0.11215 3.6191 133.91 16.31 1,550.71
0.10433 3.3675 133-79 16.19 1,342.29
0.09678 3.1371 131.40 13.80 1,159.97
0.091616 2.9761 130.20 12.60 1,041.72
0 . 12)136 4,0003 135.72 18.12 1 , 900.66
0.131655 4.2159 138.27 20.67 2,120.59
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TABLE 16
1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFLUORO EOHANE RUN NO. 10
lte s t S e c tio n  Length 2 .04  in .
T es t V oltage 0 kv
Test S ection  
Voltage 







Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r. f t2
0.23971 7-324 140.74 23.14 6,427-75
0.29103 9.2477 142.68 25.07 10, 282.58
0.35531 11.2456 144.95 27-35 15,265.85
0.44085 13.8972 147.26 29.66 23,407.18
0.49909 15.663 149.85 32.25 29,866.53
O.58OO9 18.109 152.92 35.32 40,134.77
O.656OI 20.353 156.54 38.94 51,011.70
0.75160 23.097 162.18 44.58 66,324.39
0.80072 24.493 164.93 47.33 74,929.63
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TABLE 17
1 ,2 ,2 , TRICHLORO - 1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 12
Test S ec tion  Length 2 .04  In . 
Test Voltage 0 kv
TeBt S ec tio n  
V oltage 
( v o l t s )
T e s t S e c tio n  
C u rren t 
(amps)
Wire S u rface  
Tem perature Tw 
(°F )
.Wire S u rface  Tem perature 
Minus S a tu ra te d  L iqu id  
Tem perature Tw-Ts (°F)
0.22109 7.0045 ■ 140.18 22.58
0.290205 9.1640 142.06 24.46
0.37021 11.6508 144.00 26.40
0.4344 13.6380 145-39 27.79
0.51366 16.056 147.91 30.31
0.59225 18.417 150.91 33-31
0.68046 21.076 153.23 35.63
1.5448 15.758 1,491.96 1,374.36
I .063 13,576 1 , 053.10 935.50
Heat Flux 












1 ,2 ,2 , TRICHLORO - 1 ,1 ,2 , TRIFLUORO ETHANE
T es t S e c tio n  Length 2 . l 6  i n .  
T es t V oltage 0 kv
T e s t S e c tio n  T est S e c tio n  Wire S u rface  
V oltage C u rren t Tem perature TV
( v o l t s ) (amns) (°F )_______







0.7900 24.50  161.45
0.7800  24.10 163.66
RUN NO. 17
Wire S u rfac e  Tem perature
Minus S a tu ra te d  L iquid  Heat Flux 









46.06  67 , 763.06
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TABLE 19
1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFUJORO ETHANE RUN NO. 22
Test S ection  Length 2.08 In . 
Teat Voltage 0 kv
Test S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S atu ra ted  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r . f t2
0.31265 9 .70I19 IU5.96 28.36 11,365.39
0 .1*7011 14.5124 11*9.14 31.54 25,554.87
0.65910 20 . 101* 156.14 38.54 49,632.79
0.74998 22.702 160.64 43.04 63,774.74
0.8520 25.50 167.38 49.78 81,379-44
0.8610 25.70 169.00 51.40 82,884.09
109




( v o l t s )
TABLE 20
1 ,2 ,2 ,  TRICHLORO - 1 , 1 , 2 ,  TRIFLUORO ETHANE RUN NO. 20
Length 1.90 in .
0 kv
Test Section Wire Surface Wire Surface Temperature 
Current Temperature Tw Minus S a tu ra ted  Liquid
(amps) ( °F)______  Temperature Tw-Ts f °F )
Heat Flux 




1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFLUORO ETHANE
T est S ec tio n  Length 2 .0 8  i n .  
T est V oltage 5 -‘-5 kv
T est S ec tio n  T est S e c tio n  Wire S u rface
V oltage C u rren t Tem perature Tw
( v o l t s ) (amps) (°F)_______
0.3078k 9.^786 150.6k
0.39603 1 2 .1 3 7 0  153*37
0 .k7131 lk . 3980 15 5 . 2k
0.5**736 16.7100 155.6k
0.62k66 19.0kk 156.k3
0 .70879 21 .5k50 158.17
RUN NO. 23
Wire S u rface  Te.mperature 
MinuB S a tu ra te d  L iquid  Heat Flux
Tem perature Tw-Ts (°F) B tu /h r .  ft**
33.0k 10,929.6
35-77 l8,ook.2
3 7 .6 k 25 ,k l8 .l
38.0k 3k,2 5 9 .8
38.83 kk,559-1
kO.57 5 7 .2 0 0 .k
I l l
TABLE 22
1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 23A
T e s t S e c tio n  Length 2 .0 8  in .
That V oltage 5*25 kv
T est S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r. f t2
0.38653 11.7299 159.15 1*1.55 16,982.9
0.70629 21.175 166.36 1*8.76 56,019.8
0.77230 23.0710 168.52 50.92 66 , 71*0 .2
O.8561O 25. **72 170.93 53-33 81,681.3
0.927** 5 27.513 172-73 55-13 95,579-2
0.97879 28.967 17!*. 17 56.57 106, 200.8
1 .0213h 30.17** 175-2 57.62 115,1*35.2
1.06795 31A50 177-2 59-8 125,807.5
1.150 33.50 183.8 66.3 l H ,  303.7
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TABIiE 23
1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 12A
T est S ec tion  Length 2 .04  in .
T est Voltage 5*25 kv
581 S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts ( °F)
Heat Flux 
B tu /h r. f t2
0.22167 7.010 141.23 23.63 5,936.85
0.291353 9.1650 144 .26 26.66 10, 201.9
0.37194 11.6540 146.53 28.93 16,560.7
O.H3605 13.6240 148.17 :o .5 7 22,697.2
0.51461 16.032 149.85 32.25 31, 520.8
0.59275 18.4095 151.64 34.04 41,691.2
0.66150 20.475 153.62 36.02 51,746.9
0.79680 24.5060 157.36 39.76 74,602.4
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TABUS 2h
1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 18
T e s t S e c tio n  Length 2 .0 0  In .
T e s t V oltage 5*25 kv
T e s t S e c tio q  
V oltage 
( v o l t s )
T es t S e c tio n  
C u rren t 
(am ps)
W ire S u rface  
Tem perature Tw 
(°F)
Wire S u rface  Tem perature 
Minus S a tu ra te d  L iq u id  
Tem perature Tw-Ts ( °F)
0.30181 9.5520 ll*2.7l* 2 5 .lh
0 . 303hh 9.550 11*5-95 28.35
0 .1*01*80 12.6750 11*8.91 31.31
0.1*9786 15.536 150.88 33-28
0.58508 18.2105 152.39 3**-79
0.69988 21.7055 15h .1*9 36.89
0.52805 16 .1+520 151.80 3I+.20
Heat F lux 










1 ,2 ,2 , TRICHLORO -  1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 2
T est Section Length 2 .50 in .  
Te8t  Voltage 10.5 kv
e a t  S ec tio n  
V oltage 
( v o l t s )
T es t S ec tio n  
C urren t 
(am ps)
W ire S u rface  
T em perature Tw
(°F )
Wire S u rfac e  Tem perature 
Minus S a tu ra te d  L iq u id  
Tem perature Tw-Te ( °F )
0.07367 2.1*1+31 118.29 0.69
0.102125 3.3682 121.29 3.69
0.13275 1* .351*!* 12k .30 6.70
O .I588 5.1823 127. 1k 9.5k
0 . 19k31 6.2951 131.20 13.60
0.2177 7.013k 13k.35 16.75
0.25081 8.0199 138.58 20.98
O.28865 9.1592 lk2 .96 25.36
0.33225 lO.kgkk lk 5 .60 28.0
0.36195 l l .k o 86 lk 6 . 8l 29.21
O.I4915 15 -k3 lk 9.12 31.52
Heat F lux 
B tu /h r .  f t 2
700.7 
1,339-2 
2 , 250.1* 
3,203.9 
U,762.1 








1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 7A
T est S ec tio n  Length 2 .0 0  In .
T es t V oltage 10 kv
e s t  S ec tio n  
V oltage 
( v o l t s )
T e s t S ec tio n  
C u rren t 
(amps)
W ire S u rfac e  
Tem perature Tv 
(°F ) _
W ire S u rface  Tem perature 
Minus S a tu ra te d  L iqu id  
Tem perature Tv- To (°F )
H eat F lux  
B tu /h r .  f t 2
0.18897 6.11*98 136.13 18.53 l*,52l*.l*
0.2^775 7.9811* l k l .89 2h .29 7,698.1*
0.33809 10.7211 150.99 33-39 ll* ,111.6
0.1*0369 12.7357 153.99 36.39 20,015.9
O.U8835 15*3320 156. 81* 39-21* 29,11*9.8
0.55756 17.1*17 159.80 1*2.20 37,806.8
0 .631*38 19.80 160.30 1*2.70 1*8 , 901.2
O.72951 22.683 162.55 1*1*. 95 61*,1*22.1*
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TABUE 27
1 ,2 ,2 , TRICHLCRO -  1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 12B
T est S ec tion  Length 2.04 in .
T est Voltage 10.5 kv
T est S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  L iquid 
Temperature Tv-Ts (*F)
. Heat Flux 
B tu /h r . f t 2
0.22055 7.014 138.02 20.42 5,910.2
0.29148 9.164 144.57 26.97 10, 205.3
0.37291 U .650 148.23 30.63 16, 598.2
0.4372 13.606 150.46 32.86 22,726.9
0.51627 16.012 152.45 34.85 31,583.0
0 .591*1*8 18.387 154.05 36.45 41,761.8
0.66250 20.448 155.28 37.68 51,756.8
117
TABI£ 20 .
1 ,2 ,2 ,  TRICHLCRO - 1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 2h
Test Section Length 2 .08 In .
T e s t V oltage 10 .5  kv
T est Sectloi) 
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S atu ra ted  Liquid 
Temperature Tw-Ts ( °F)
Heat Flux 
B tu /h r . f t^
O.3IT83 9.766 151. 81* 3** .2** 11 , 626 .1*
0.50209 15.109 161*. ll* 1*6.51* 28,1*15.3
0.6730 20 . 121* I 67 .91* 50.31* 50,729.9
0.81*1*11 25 .09!* 171.1*1* 53-81* 79>3**2.1
1.0158 30 . oi* 17!*. 62 57.02 111*,299.2
1.19981* 35 .261* 178.39 60.79 158, 1*85.6
1.36 39.80 181.02 63 .1*2 202,71*8.2
ta b u :  29
1 ,2 ,2 ,  TRICHLORO -  1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 12C
T est S ection  Length 2.04 In .
Test Voltage 15-0 kv
set S ection  
Voltage 
(v o lts )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tv-Ts (*F)
Heat Flux 
B tu /h r . f t 2
0.21938  . 7.010 135.33 17.73 5,8(5*5
0.2906 9.1640 142.84 25-24 10,174.5
0,37254 11.6450 147.90 30.30 16,574. 6
O.43676 13.5880 150.64 33.04 22,674.1
0.51604 15-992 152.91 35.31 31,529.5
0.59436 18.365 154.64 37.04 41,703.4
0.55242 20.419 156.04 38.44 51.677.2
0.7992 24.551 158.05 40.45 74,964.5
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TABLE 30
1 ,2 ,2 ,  TRICHLORO - 1 ,1 ,2 ,  TRIFLUORO ETHANE RUN NO. 25
T est Section Length 2.08- in .  
Test Voltage 15.0 kv
s s t  Section 
Voltage 
(v o lts )






Wire Surface Temperature 
Minus S atu ra ted  Liquid 
Temperature Tw-Ts (°F)
O.31L9L 9-581*5 157 .**8 39.88
0.86o6k 25.512 173-18 55.58
1.0257** 30.293 175 M 57.81*
1.2057 35-1*62 177.95 60. 3!*
1.1*6 **2.2 188.69 71.09
Heat Flux 








1 ,2 ,2 , TRICHLORO -  1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 2?
T est Section  Length 2.00 In .
T est Voltage 15>0 kv
is t Section 
Voltage 
( v o l t s )







0 . 1k82k k .9111 135.02
0.19915 6.539 lk0.09
0 . 2538k 8 .25k lk 5.66
0.32212 10 . 36k • 151.79
0.k7829 15.165 160.38
0.6390 20.230 161.28
l . k 9 k k .8 192.75
Wire Surface Temperature
Minus S a tu ra ted  Liquid Heat Flux
Temperature Tw-Ts (°F ) B tu /h r. f t 2
10.01 1,527-3
17 .k2 2 , 83k .3
22.k9 5,069.9







1 ,2 ,2 , TRICHLORO - 1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 3
Test Section  Length 2.00 In .
T est Voltage 18.5 kv
•a t Section 
Voltage 
(v o lts )






Wire Surface Temperature 
Minus S atu ra ted  Liquid 
Temperature Tw-Ts ( °F)
Heat Flux 
B tu /h r . f t 2
O.O985H 3*2575 119.86 2 .2  6 1,21*9-3
0 . 13895** **.5623 123.77 6.17 2 , 1*68.1
0.16752 5-**796 125.85 8.25 3,573-7
6.23505 7.5992 132.36 1** .76 6,953.98
0 . 2721*1 8 . 71*1*3 136.39 18.79 9,273-7
0.30939 9.8(90 139.39 21.79 11,899.'*
O.33265 10.5789 11*1.69 2l*.09 13,700.1*
0.37026 11.7239 11*1*. 18 26.58 16,899.9
0.51926 16.232 151.61 3**.oi 32,811*.2
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TABIfl 33
1 ,2 ,2 , TRICHLORO -  1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. lU
Test S ection  Length 2.0l* in .  
Test Voltage 18.5 kv
T es t S e c tio n  
V oltage 
( v o l t s )
T e s t S ec tio n  
C urren t 
(amps
Wire S u rface  
Tem perature Tw
(°F)
0.15179 1| . 91*1* 128.17
0.18286 5.93105 130.51
0 .211*70 6.9250 133.61*
0.26021 8.3226 138.39
0.31193 9.871*0 ll*l*. 31
0.39^30 12.350 150.U2
Wire S u rface  Tem perature
Minus S a tu ra te d  L iq u id  Heat F lux
Tem perature Tw-Ts ( °F ) B tu /h r .  f t
•10.57 2 ,880.3
12.91 U,162.6
16 .OU 5 ,706 .It





1 ,2 ,2 , TRICHLORO - 1 ,1 ,2 , TRIFLUORO ETHANE RUN NO. 15
T est Section  Length 3*OU In . 
T est Voltage 18.5 kv
T es t Sectlot} 
V oltage 




T e s t S ec tio n  





Wire S u rface  
Tem perature Tw




Wire S u rface  Tem perature 
Minus S a tu ra te d  L iq u id  












DICHLORO-MONOFLUOROMETHANE RUN NO. 1
T es t S e c tio n  Length 2 .0 2  I n .
T es t V oltage 0 kv
T es t S e c tio n  T es t S ec tio n  Wire S u rface  Wire S u rface  Tem perature
Voltage 



















Minus S a tu ra te d  L iqu id  H eat F lux
Tem perature Tw-Ts ( °F) B tu /h r .  f t ^
9.17 918.6
12.17 1,319*6
lU .56  1 , 676.5
18.96  2 , 309.6
21.98  2 , 698.8
38.93 5,995.3
2 9 .21  19,133.5
35.28 13,016.8
28.08  8 ,977 .9
27.89 15,823.0
29 .84 24 , 258.8
29.93 10,535-7
9.87  1 ,061 .9
10.65  1 ,211.04
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TABLE 36
DXCHLORO-MONOFUJOROME'fflANE RUN NO. 1 
(C o n 't)
l e s t  S ection  Length 2.02 in .  
T est Voltage 0 kv
T est Section 
Voltage 
(v o lts  )
Test Section  
C urrent 
(amps)
Wire S u rface  
Tem perature Tw
(QF)
Wire Surface Temperature 
Minus S a tu ra ted  Liquid Heat Flux
Temperature Tw-Ts (°F) B tu /h r. f t 2
0.096881 3.5210 59.72 11.62 1,316.5
0.15814 5.576 74.56 26.46 3,403.2
0.37365 13.106 77.18 29.08 18,899.97
0.48792 17.058 78.83 30.73 32 , 122.1
0 . 51*636 19.026 80.82 32.72 40,119.2
0.60362 20.968 82.06 33.97 48,847.9
0 .61*97 22.481 84.04 35.94 56,370.8
0.70584 24.504 82.37 34.27 66 ,752.8
0.7642 26.295 86.90 38.80 77,554.3
0.83072 28.510 88.23 40.13 91,406.6
0.9070 30.80 93.69 45.59 107,816.2
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TABLE 37
DICHLORO-MONOFLUOROMETOANE HUN NO. 2
T es t S e c t io n  Length 2 .0 2  in .
T es t V o ltage 1 kv
T es t S e c tio n  
V oltage 
( v o l ts  )
T es t S e c tio n  
C u rren t 
(amps)
Wire S u rface  
Tem perature Tv 
(°F )
Wire S u rfac e  Tem perature 
Minus S a tu ra te d  L iqu id  
Tem perature Tw-Ts (°F )
H eat Flux 
B tu /h r .  f t ^
0.26599 9-520 7l.oi* 22.9*1 9,72**.**
O.O963O 3.5523 56.35 8.25 1,313.7
0.10801 3-9795 56.92 8.82 1 , 650.6
0 . 127l*2 I*.6850 57.90 9.80 2,292.5
0.16823 6.1501* 60.65 12.55 3,973 .5
0 . 221*16 8 . 0791* 67.58 19.1*8 6 ,955 .0
0.31169 11.076 7*1.59 26 . *19 13,257.7
0.39838 l>*.0O9 79.81* 31-7*1 21, 1*32.2
0.1*9086 17.209 81.37 33.27 32,*i39.6
0.57673 20.106 81*. 22 36.12 *1*1,530.7
0.66512 23.099 86.17 38.07 59, 000 . 1*
0.7593 26.229 88.92 1*0.82 76,1*81.6
O.98O 33.2 99.03 50.93 121*, 9*16.9
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TABLE 38
DICHLORO-MONOFLUOROMETHANE RUN NO. 3
Ttest Section 
Test Voltage




( v o l ts )






Wire Surface Temperature 
Minus S atu rated  Liquid 
Temperature Tw-Ts (°F)
0.12154 4.6324 49.67 1.57
0.09246 3.527 49.28 1.18
0.19145 7.198 56.16 8.06
0.34139 12.383 73.66 25.56
0.43338 15.504 80.58 32.48
0.5855 20.770 84.86 36.76
1.370 47.770 102.22 54.12
Heat Flux 










DICHLORO-MONOFmOROMETOANE FUN NO. k
T est S ec tion  Length I .98 In .
Test Voltage k kv
•ir
T est S ec tion  T est Section  Wire Surface Wire Surface Temperature
Voltage C urrent Temperature Tw Minus S atu ra ted  Liquid Heat Flux
( v o l t s ) (amps) (°F)______  Temperature Tw-Ts (°F) B tu /h r. f t2
0 . 09795k 3.8020 1*9. k3 J .33 l ,k 67.2
0.20161 7.676 58.60 10.50 6 , 096.9
0.23888 9 .0k92 6 l . 0k 12 . 9k 8 , 5l 6 .k
Q.37708 13 .8k2 76.52 28 . k2 20, 563.5
0.55130 20.126 79-29 31.19 k 3 ,7 i2 .9
0.75811 27.392 8k . 51 36 . k i 81, 812.8
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TABUS 40
DICHLORO-MONOFLUOROME INANE RUN NO. 5
T est S ec tion  Length 2.04 in .
T est Voltage 3 kv
T est S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Ttenmerature Tw-Ts ( °F)
Heat Flux 
B tu /h r . f t2
0.09870 3.697 51.21 3.11 1,394 .4
0.19807 7.327 56.72 8.62 5,540 .9
0.17710 6.559 56.16 8.06 4,435 .0
0.10986 4.110 51.36 3.26 1,723 .9
O.08787 3.294 50.39 2.29 1 , 105.1
0.31312 11.332 67.34 19.24 13,547.4
0.43121 15.438 72.67 24.57 25,416.7
0.5741 20.260 79.87 31.77 44,408.5
O.73161 25.584 84.49 36.39 71,463-9
1.330 45.00 101.59 53.49 228, 508.9
0.12681 4.7305 52.72 4.62 2,290 .3
6.136 0.16498 54.14 6 .04 3,865.1
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TABIE 1*1
DICHLORO-MONOFLUOROMETHANE RUN NO. 6
Teat Section  Length 2.00 in . 
Teat Voltage 2 lev
sa t Sectloq 
Voltage 







Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts ( °F)
0.08T30 3.3102 50.99 2.89
O.12715 *1.7999 53.09 *1.99
0.1695 6 . 32h 58.71 10.61
0.2107*1 7.825 61.02 12.92
0 .l*i8l 6 5.5*16 57-13 9.03
0 . 18*17*1 6.891 58.82 10.72
0 .09*162 3.58*1 51-*i9 3.39
0.27612 10.061 7 0 .2*1 22 .1*1
0.35136 12 .750*1 72.26 2*1.16
0 .U5058 16.336 72.72 2*1.62
0.55209 19 .8*15 77-00 28.90
0.6975 2*1.915 80.15 32.05
1.01 35-20 92 .7*1 *1*1.6*1
H eat F lux 










28 , 656.5 
1*2 , 65*1.6 




DICHLORO-MONQFLUOROMETHANE RUN NO. 7
Teat. S ection  Length 2 .00 In .
T est Voltage 2 kv
T est S ection  
Voltage 
(v o l ts )






Wire Surface Temperature 
Minus S a tu ra ted  L iquid 
Temperature Tw-Ts (°P )
Heat Flux p 
B tu /h r . f t
0.3159^ 11 .621* 68.97 20.87 11*,297.7
0.3990 lL .569 72.72 2l* .62 22, 631.2
0 .1*7081 17.085 75-81 27.71 31,315.9
0.63888 22.955 80.79 32.69 57,095.5
1.00 3>* .7 98.72 50.61 135,093.6
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TABUS 43
DICHLCRO-MOROFLUORCMETHANE RUN NO. 8
Teat Section  Length 2.00 in .  
Teat Voltage 2 kv
Teat Section Teat S ection  Wire Surface Wire Surface Temperature 
Voltage C urrent " Temperature Tv Minua S atu ra ted  Liquid
(v o lte )  (amps) ( °F) Temperature Tw-Ta (*F)
1 .12  37-8 111-55 63.45
Heat Flux „ 




CHLOROFORM RUN NO. 1
Test S ec tion  Length 2.00 in .
Test Voltage 0 kv
T est S ec tion  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S atu ra ted  Liquid 
Temperature Tw-Tb (®F)
Heat Flux 
B tu /h r . ft**
0.30976 9.3722 170.51* 27.29 11,358.9
0.39652 11.9^9 172.97 29.72 18,538.1
0.10420 3.25^5 151.71 8 . 1*6 1 , 326.8
0.097364 3.0474 150.**8 7.23 1 , 160.9
0.1167 3 .63W 153.36 10.11 1,659 .6
0.13562 I*. 1978 156.99 13.71* 2,227-5
0.1680 5.1303 164.99 21 .7** 3,372.3
0.18869 5.7811 163.03 19.78 4 ,268 .0
0.2530 7.6930 167.55 2**.30 7 ,615 .3
0.49444 lU .859 17**. 6** 31.39 28,745.7
0 . 6 l *»71 18.385 177.56 34.31 44,218.4
0.71446 21.262 180.61 37.36 59,436.3
0.80509 23. 8U9 183A 5 40.20 75 ,124 .9
O.961 28.0 193.77 50.52 105, 281.2
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TABU! 1*5 
CHLOROFORM RUN NO. 3
T est S ec tio n  Length 1*97 in .  
T est Voltage 2-5 kv
T est S ection  
Voltage 
( v o lts )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
0.13172** *t.2l*71 ll*8 .2l* 6.08
0.17069 5.1*861 11*9.39 7 .23
0.22866 7.2962 153.61 11.1*5
0.29581 9,3282 160.55 18.39
0.33269 10. 1*11 l 65 . l l 22.95
0.38729 12.009 170.61 28.1*5
0.1*8095 ll*.81*l 173-5** 31.38
0.58629 17.993 176.87 3**.71
0.68789 20.98 180.68 38.57
0 .801*72 21*. 1*72 182.U7 1*0.31
O.898O 27.150 186.07 **3.91
1.150 33.50 209.61 67.1*5
Heat Flux 















CHLOROFORM RUN NO. 1*
Test S ection  Length 1.97 in .
Test Voltage k lev
Test S ection  
Voltage 
( v o l t s )






Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts ( °F)
Heat Flux 
B tu /h r . f
0.113672 3.6766 11*6 .29 3.01* 1,653.1
0.15813 5.1030 11*7-59 1*.3»* 3,191 .8
0.22783 7.283 153.09 9.81* 6 ,563 .2
0.31*86 10. 91*1* 163.75 20.50 15,090.1*
0.5781 17.70 178.88 35.63 1*0,1*73.8
1.36 39-6 210.50 67.25 213,025.5
1 3 8
TABLE 1*7 
CHLOROFORM RUN NO. 2
T est S ection  Length 2.00 In .
T est Voltage 5 kv
T est Section  
Voltage 







Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r. f t2
0 . 1l 6l*8 l 3.6826 1>*1*.67 1 . 1*2 1,678.3
0.1381*56 l*.3660 li*6 . l 6 2.91 2,365.2
0.17266 5-1*366 ll*7.0l 3.76 3,672.7
0.23331* 7.2523 151*. 57 11.32 6 , 621.2
0.29007 8.9006 162.13 18.88 10, 101.6 '
0.30501 9.31*59 162.97 19.72 11,153.3
0.1*0675 12.21*83 173.1*2 30.17 19,1*92.7
0.1*9859 lit. 9715 175.13 31.88 29 , 206.1*
0.59830 17.876 178.18 31*.93 1*1,81*6.5
0.69011 20.516 181.25 38.00 55,396.3
O.81505 2l*.156 183.15 39.90 77,033.3




CARBON TETRACHLORIDE RUN NO. 1
Teat Section  Length 1.90 in .
Test Voltage 0 kv
Test Section 
Voltage 
( v o l te )






Wire Surface Temperature 
Minus S atu ra ted  L iquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r. f t^
0.30619 9.3098 203.27 33-12 11,71*5.2
0 .3661*1 11.099 205.67 35.52 16,756.3
0.1*3975 13.291 20T .10 36.95 2l* .081.9
O.5023 15 . iv r 208.57 38.1*2 31,3U8.6
O.566U5 17.038 210.21 1*0.06 39,765.6
0 .61*691 19.1*00 212.15 1*2.00 51,709.8
0.097116 3 . 0U09 181* .78 ll* .63 1, 216.8
0 . 1121*9 3.1*908 190.37 20.22 1,617.9
0.125835 3.900 191.16 21.01 2 , 022.1
0 . 151*60 1* .7351* 198.58 28.1*3 3, 016 .1*
O.16523 5.0893 195.05 24.90 3,1*61* .8
0.1387 1* .2919 192.15 22.00 2,1*52.8
0 .6767** 20 . 21*90 213.61 1*3 .1*6 56, 1*61.6
0 .72611* 21.681* 2ll*.91 1*1* .76 61*,876.5
0.76323 22.71*9 216.13 1*5.98 71,539.1*
0.9310 27.30 226.90 56.75 10l*,722.5
TABU! U9
CARBON TETRACHLORIDE RUN NO. 2
T est S ec tion  Length 1.90 In . 
T est V oltage 5 kv
Teat S ec tion  Teat Section  Wire Surface Wire Surface Temperature 
Voltage Current Temperature Tw Minus S a tu ra ted  L iquid
( v o l t s ) (amps) (*F) Temperature Tw-Ta (*F)
Heat Flux 
B tu /h r . f t 2
1.155 33.62 231.82 61.67 159,995.3
T est S ection  
T est Voltage
Test Section  
Voltage 
( v o l t s )
1.3^
TABLE 50 
CARBON TETRACHLORIDE RUN NO. 3
Length 1 .90 In . 
9 kv
T est Section  Wire Surface Wire Surface Temperature
Current Temperature Tw Minus S a tu ra ted  L iquid Heat Flux 
(amps) ( °F)  Temperature Tw-Ts (*F) B tu /h r . f t 2
38.70  237.11 66.96  213,669.9
I k 3
TABLES 51 
CARBON TETRACHLORIDE RUN NO. 5
Test Section  Length 2.03 In .
T est Voltage 9 kv
sat Section
Voltage
(v o lts )






Wire Surface Temperature 
Minus S atu rated  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r . f t '
0.30932 8 .9811*9 203.02 32.87 10,668.9
0.19703 5 .81*08 189.93 19.78 1*,1*19.1*
0.15911 1* .71*10 186.73 16.58 2 , 896.9
0.12578 3.7715 182. 81* 12.69 1,821.7
0.10391 3.1265 180.71 10.56 1, 21*7 .6
0.3l»67 IO .039 201* .79 3U .61* 13, 366.2
O.U703I 13.1*82 211.27 1*1.12 2l*, 350.1
O.576U9 16.526 211.26 1*1.11 36,586.5
0.77831 22.361 209.83 39.68 66 , 835.2
0.8911 25.1*11 211* .67 1*1*. 52 86,958.1
0.981*13 28.011 215.91 1*5-76 105, 862.6
1.1078 31.391 218.82 1*8.67 133,5*15.1
1 . 21*86 35.190 222.38 52.23 168,73^.6
1 .1*10 39.20 231.56 61.31 212,259.3
TABLE 52 
CARBON TETRACHLORIDE RUN NO. 4
T est Section  Length 2.00 In . 
Test Voltage 13 kv
T est Section, 
Voltage 







Wire Surface Temperature 
Minus S a tu ra ted  Liquid 
Temperature Tw-Ts (°F)
Heat Flux 
B tu /h r. f t '
0.25516 7.4845 195.85 25.70 7,434.9
0.16329 4.8(09 185.35 15.20 3,096.5
O .I35M 4.0569 182.79 12.64 2,139.2
0.1164 3.4983 180.73 10.58 1,585.3
0.099501 2.9976 ~  179-25 9.10 1 , 161.2
0.32774 9.4866 204.30 34.15 12,104.5
0.41615 11.930 210.51 40.36 19,328.4
0.52331 14.935 213.42 43.27 30,427.7
• 0.6325 17.953 216.98 48.83 44,208.2
0.78950 22.376 217.95 47.80 68,776.4
0.90615 25.416 224.82 54.67 89, 662.8
1 . 0285" 28.984 221.70 51.55 116, 056.0
. I . I 505 32.338 223.41 53.26 144,845.5
1.2651 35.461 225.25 55-10 174,654.9
1.4160 39.41 229.97 59.82 217,257.5
1.48 4o.4o 243.09 72.94 232,781.4
T est S ection  
T est Voltage
T est S ection  
Voltage 




CARBON TETRACHLORIDE RUN NO. 6
Length 2 .03 In . 
15 kv
TeBt S ection  Wire Surface Wire Surface Temperature
C urrent Temperature Tw Minus S a tu ra ted  L iquid Heat ? lux
(amps) (*F) Temperature Tw-Ts (°F) B tu /h r . f t 2
U2 .50  236.1*2 66.27 251,31*5.6
APPENDIX X
l4 r
C a lc u la tio n  o f Maximum P ro !a b le  E rro r
I .  Heat F lu x , Q/A
q/A = V o j:  
9 7 7 /1 #  L.
< f ( % )  =  - r  _ ! £ -
o ? ^ /  «P/72 H v
t-  J 4 :J L
— =  .— /- — — /_
W  //»  ^
Maximum P robab le  E r ro r  i s  o b ta in ed  w ith o u t reg a rd  f o r  s ig n . 
T h e re fo re ,
/ ( % )  < / c  . ^
For exam ple,
VQ = 1 .155 v o l t s  t  0.0001 v o l ts  
I  = 33*62 amp t  0 .01  amps 
r w = 0 .01  in ch  ^ 0.0001 inch  
L = 1 .80  cm t  0 .02  cm
d IQ/A) = .0001 + .01 + .0001 4. .02
Q/A 1.155 33.62 “ j OT" O O
= .0000866 + .000298 + .01  + .00^17  
= .01^55
o r $ E r ro r  = 1 .^ 6
Q/A = 159,000 + ±.k6$
= 159 ,000  t  2320
E le c t r ic  F ie ld  I n t e n s i t y ,  Es 
E = V0
S (r0/r i )
L et R = / n  (r o / r i )
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T h ere fo re , maximum probable  e r r o r  i s :
dE = dVo + +_______ dro______  + d r j
E vo r i  r Q t A  ( r 0 / r i ) ]  r i | ^ n ( r o / r i ) ]
For exam ple,
VQ = 5000 v o l ts  - 50 v o l t s  
r i  = 0 .010  inch  -  0 .0001  inch  
r Q = 0 .7 5  inch  - 0 .0 1  inch
dE = 50__ + .0001  .01 + .0001
5ooo .ox ( - 7 5 ) ^ ^ ) ]
= .01  + .01 + .00309 + .00232
= .02541
= 2 . 54/0
Es = 45 .6  kv t  2.54/o
45 .6  kv + 1 .2  kv
APPENDIX XI
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D eriv a tio n  o f E quation  12
H elm holtz I n s t a b i l i t y
The maximum h e a t f lu x  occurs when th e  H elm holtz hydro- 
dynamic i n s t a b i l i t y  o c cu rs . The Helm holtz c r i t e r i o n ^ >^5 
f o r  two f lu id s  in  r e l a t iv e  m otion i s :
£ 2 = / ' h  _ £ d i -  M l  ( \Z o -V u f W
f l r / l  < 7
As s ta t e d  in  C hapter I I  th e  c o n d itio n  f o r  a s ta b le  j e t  
r e q u ire s  t h a t  th e  wave an g u la r  frequency  be r e a l ,  t h a t  i s :
The maximum r e la t iv e  vapor v e lo c i ty  which w i l l  be 
s t a b i l i z e d  by the  su rface  te n s io n  term  can now be found by 
eq u a tin g  b o th  terms o f E quation  th u s
( 6 )
For a  s tead y  s t a t e  c o n d itio n  th e  eq u a tio n  o f c o n tin u ity  
g iv e s :
V  =  —
. A
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S u b s t i tu t in g  E quation  7 in to  E quation  6 g iv e s :
w
s im p lify in g
£  7
A d •
/ - A  ^
(8)
(8 )
The peak h e a t  f lu x  may now be o b ta ined  by r e l a t i n g  th i s  
maximum vapor v e lo c i ty  (E quation  8 ) to  the  peak h e a t f lu x .
T ay lor I n s t a b i l i t y
F or purposes o f  a n a ly s is  we s h a l l  c o n sid e r t h a t  th e  vapo r- 
l iq u id  in te r f a c e  i s  h o r iz o n ta l  and p o s tu la te2 5  th a t  because o f
153
T aylor i n s t a b i l i t y  the  in te r f a c e  w i l l  f a i l  r e s u l t in g  in  a  d e f in i te  
two d im ensional p a t te rn  o f  vapor j e t s  flow ing  upward and l iq u id  
flow ing  downward. The w avelength  f o r  which i n s t a b i l i t y  occurs by 
th e  T aylor i n s t a b i l i t y  a n a l y s i s - 1-0 * ^  i s :
^  ( 9 )
This w avelength i s  th en  p o s tu la te d  by Z u b e r^ to  correspond to  
t h a t  expressed  in  E quation  8 . T herefo re  combining Equations 8 and 
9 and n o tin g  th a t  f  th e re  r e s u l t s  in  th e  fo llo w in g  ex p res­




Z u b e r ^ 5  r e l a t e s  the  c r i t i c a l  h e a t  f lu x  to  th e  maximum vapor 
v e lo c i ty  by assuming th a t  th e  in te r f a c e  betw een l iq u id  and vapor 
as  governed by the  T aylor i n s t a b i l i t y  a n a ly s is  b reaks a t  the  nodes 
g iv in g  a  " u n it  cell" o f h o r iz o n ta l  d im e n s io n s ^ . Zuber fu r th e r  
p o s tu la te s  th a t  th e re  a re  re le a s e d  two bubb les p e r w avelength 
sq u ared , p e r p e r io d . T herefo re  r e l a t i n g  th e  c r i t i c a l  h e a t f lu x  
to  th e  vapor generated  r e s u l t s  in  th e  fo llo w in g  e q u a tio n .
15^
(Q/A) max -  0f) f~~j. (11)
Therefore (Q/A) max = //jfb /--f (
The p roduct i s  th en  d e f i n e d ^  as th e  c r i t i c a l  o r
maximum vapor v e lo c i ty  (Vg max). Combining th en  E quations 
10 and 11 r e s u l t s  in  E quation  12.
i'*u & f-fzT “ >
■ j f T ' x L  a -  J
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D eriv a tio n  o f  E quation  19
Helmholtz A nalysis
The maximum h e a t  f lu x  occurs when th e  Helmholtz hydro- 
dynamic c r is e s  o c c u rs . ' The Helm holtz c r i t e r io n  fo r  two 
f lu id s  in  r e l a t i v e  m otion s t r e s s e d  by an e l e c t r i c  f i e ld  
p o s tu la te  in  t h i s  s tu d y  i s :
- M .  . .
{ M l  ( 1 3 )
Again s t a t in g  th e  c o n d itio n  f o r  s t a b i l i t y ,  namely th a t  
the  wave a n g u la r  frequency  be r e a l ,
2- /  A? ‘ 2
c  -  f r r /  (5 )
The maximum r e l a t i v e  vapor v e lo c i ty  which w i l l  be 
s ta b i l iz e d  by th e  su rfa c e  te n s io n  and e l e c t r i c  term  can now 
be found by e q u a tin g  the  th re e  term s o f Equation  /3  in  the  
fo llo w in g  manner:
For a s tea d y  s t a t e  c o n d itio n , th e  eq u a tio n  o f c o n tin u ity  
g iv e s :
-  - J k .
p .
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S u b s t i tu t in g  Equation  7 in to  E quation  15 g iv e s :
s im p lify in g
J 2 L  , 7 £ ^ V _  f t .f i  / ,  ) V a ^ | *
P f , )  ~  ( j r )
- & * -  r  A -
( f t. f t j )  (£■*£*)f t -  f t .
T h e re fo re ,
uft o-m A. . (z-fftftft-[l




The peak h e a t may now be o b ta in ed  by r e l a t i n g  th i s  maxi­
mum vapor v e lo c i ty  fo r  the  e l e c t r i c  f i e l d  case (E quation  l6 )  
to  th e  peak h e a t flux .-
T aylor I n s t a b i l i t y
M e l c h e r ^ - 5  s t a t e s  th a t  the  wave number rem ains unchanged 
w ith  the  a d d it io n  o f  th e  e l e c t r i c  f i e ld  i n t e n s i t y .  The r e s u l t
tOji?
o f th e  p rev ious a n a ly s is  o f th e  T aylor i n s t a b i l i t y  g iv e s :
This wave le n g th  i s  th en  p o s tu la te d  in  t h i s  s tu d y  to  
correspond  to  th a t  ex p ressed  in  E quation  l6 .  T herefo re  com­
b in in g  Equations 9 and l6  and n o tin g  th a t  th e re  r e s u l t s
i
in  th e  fo llo w in g  e x p re ss io n  f o r  the  maximum vapoi1 v e lo c i ty  in  
the  p resence o f an e l e c t r i c  f i e l d .
'/z „ . . * I  ^
( £ r ) i - £ L £ £
/  W '  ( * + * .) { ! , J  ( l 6 )
As b e fo re  th e  c r i t i c a l  h e a t f lu x  i s  r e la te d  to  the  
maximum vapor v e lo c i ty  by Equation 11 as shown below:
( i d
-i, *where the  p ro d u c t A.7 s  defined  by Zuber as the maximum 
vapor v e lo c i ty  (Vg max)° Combining then  E quations 11 and 16 
r e s u l t s  in  E quation  19 shown below . ^
' « L .  -  ,
V /
NOMENCLATURE
A = area , f t 2
C » wave v e lo c ity  o f  propagation, f t / s
D « diam eter, f t . i n .
E,Es,Eeq. = e le c t r ic a l  f i e ld  in t e n s i t y ,  kv/cm
f  = frequency, -  r ec ip ro ca l secondsB
g = g r a v ita tio n a l a c c e le r a t io n , f t / s 2
hv = la te n t  heat o f  v a p o r iza tio n , Btu/lb
K « d ie le c t r ic  co n stan t, dim ensionless
L a len g th , f t . ,  in .  __
M a wave number, f t"^-
N a wave angular frequency 1 / b  reciprocal Beconds
Q a h eat tra n sfer  r a te , B tu /h r .f t2
r a ra d iu s , in .
rw> To = wire rad iu s, radius o f  outer e lec tro d e  in .
T a tem perature, °F, °C
V a v e lo c i ty ,  f t / s
Vq = v o lta g e , v o lt s
Greek L etters
£. a in d u ctive  ca p a c ity , cou l2/newton-m. 2 
£0 a in d u ctive  cap acity  o f  free  space (vacuum), eou l2/new t- 
A( » v i s c o s i t y ,  lb m /f t .s e c .  
a d e n s ity , lb m /ft .3
O' ■ surface ten s io n , l b f / f t .  
A  a d ifferen ce  
Subscripts
eq . = e q u iv a le n t
max. = maximum
o a o u te r  o r  re fe re n c e  v a lue  v
s a su rface
v ,g  a vap o r, gas
1 ,& a re fe re n ce  s u b s c r ip ts  f o r  c o n s ta n ts
L a l iq u id
i6 o
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